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Substituting Equation (5) in Equation , the activities of zinc ion i 
solutions at different pH and total carbon dioxide concentrations can be 
( ilculated 


log az 7 ») + (6 
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Zn(OH)*, is (Latimer 
Z7n(OH t i - 
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The activity of Zn(OQH complex can be calculated by | quation 7 
dilute solutions, ignoring undissociated zinc hvdroxide, the summation 
these activities is cor sidered to be approximate ly equ il to the solubility 
zinc hydroxide rhe results of the calculation are plotted in Figure 2 

is obvious that the solubility of zinc hydroxide ts not related to the total 
carbon dioxide in solution, but is a function of pH 


Solubility Curve of Hvydrozincite Sased on the solubilit curve 


Figure 4, the free energy of formation of hydrozincite can be calculated 


ind then the solubility curves of hvydrozincite in solutions containing differ 
ent imounts ol carbor dioxide Cal bn ( alc ulated I he d ssociatio oft 


hvdrozincite in solution may be expressed by the following formula 


27ZnCO,-3Zn(OH 5Z1 + IC0.- + 6OH 


IK 





1004 
\ssumu x 
Y 


\ssum it tl wt ind its complex ions are approximately 
bet wee the total zine concentra 


s expressed b Equation 10 
10 


Substituting 1 : ' i! Ion I ilculated b 


Eequatio int total zu hydrogen io 


wtivit 


11 


isured by a pH meter The tot 
means of the polarograph There 
ilculated, and the results are listed i 
irbonate ions Cal be ( ilculated b 
itm. as p 1.5 Thus, all of the 
r calculating the equilibrium constant 
te can be obtained Substituting these 
librium constant is calculated by assuming 
t Che average value of three measure 


lable 5 


adrozincite ca | j ted out b 


For the disso 


1.364 log IK, 


103.4 kcal, mole 
of hydrozincite 


6A/ 


the equilibrium 
be calculated b 





1095 


the solubilit es ot hvdrozin« ite 
irbon dioxide concentrations cat 


re plotted i | Kure 


, 
of hemimorphit 


lhe dissociatio 
the follow ny formulae 


(dt) t+ TILA) 


from solutio first 
s vyraduall trated 


saturated \ ) itmosp! ric ( irbo 


less tha 
lé 


coated 


soluble 


terpreted to have beer formed 


t common! 


hemimory] 





1096 
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The absence of zinc hydroxide can be readily understood by its stability 
field as shown in Figure 3 W he the total carbon dioxide concentratior 
in solution is one-thousandth of its saturation under 1 atm. air and 25° ¢ 
it becomes the stable mineral 1 runge ol pH above &.3: when the conce 
tration is one-hundredth of the saturation, it becomes the stable mineral 
in a range of pll above 9.5 In nature, such conditions are extreme}, re, 


gions 


and consequently zinc hydroxide instable in humid as in dry re 
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numbers in 
Fic. 4 
solubilities 


in solutior 


Ilemimorphite in a Ilumid Environment Because of the absence of the 
fundamental thermod imic data of Si-O radicals such as Si,O;~* and SiO, 
the stability field of hemimorphit n terms of the concentration of the Si-O 
radicals cannot be determined Nevertheless, the possible maximum field 
ol hemimorphite can n ed with the ivailable data Since the 
solubility curve of hemimorphite represents its minimum solubility in silica 


saturated solutions, the stability field which may be determined from this 


curve should indicate the possible maximum stability field of hemimorphite 


Fig. 4 In the solutions that are undersaturated with silica, the boundar 
curves of the hemimorphite field must be shifted to the left (the more acid 
side), and its area will be reduced 
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for an explanation for the formation of plattnerite in the Goodsprings 
district, Nevada. The stability fields of molybdenite and wulfenite were 
also calculated for explaining the occurrences and paragenesis of wulfenite 

In the geological literature published previously, it was found that the 
definition of oxidation-reduction potential, Eh, was diverse.® In the present 
study, the definition of oxidation-reduction potential that appears in stand- 
ard physical chemistry textbooks is employed. Otherwise, an oxidation- 
reduction potential cannot be converted to a free energy of formation with- 
out confusion. Consequently, an oxidizing condition is expressed by a 
negative potential, and a reducing condition is expressed by a positive 
potential 


( erusstle 


The stability field of cerussite that had been studied by Garrels (15) 
was reinvestigated with the additional consideration of the most important 
plumbous complex ion, Pb(OH Che stability field will be determined as 
a function of pH, Eh, and partial pressure of carbon dioxide 

The equations used for the calculation of the stability field of cerussite 
are as follows 


PbCO 
Pb(OH 


a 


where Kk 0.44 & 10~* (the first dissociation constant of carbonic acid 


IK 0.47 * 10 the second dissociation constant of carbon 


«lf id 
341 kK 10°' mole’! 
partial pressure ol carbon dioxide 
\ssuming that, in a dilute solution, activities of ions are approximately 
equal to the concentrations, the solubility of cerussite may be calculated 
by the following equation when pH and the partial pressure of carbon 
dioxide are defined in the system 
Pb cerussit , + ( PD(OH 
where 12.82 — log deo 
6.12 + pH + log Cp, 
he stability field of cerussite can be defined as such that its solubility 


is smaller than the other minerals under varying Eh, pH and Peo, conditions 
Figure 5 shows the stability field of cerussite when the system is in equi 


librium with the air, which exerts a carbon dioxide partial pressure of 
10-°* atm It is noted that the cerussite field extends above the line of 
water decomposition and occupies the whole area between the galena and 
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plattnerite fields in neutral and alkaline solutions 


Figure 7 shows the 
cerussite field as a function of Eh, pH and carbon dioxide partial pressure 


The cerussite field increases as carbon dioxide partial pressure increases 


Galena and Anglesite 


used by Garrels (15 


except for the additional consideration of the Pb(OH 
complex ion, which resulted in the curved boundary 


Che stability fields of galena and anglesite were calculated in the way 


in alkaline solutions 


f galena, anglesite, cerussite 


te the concentrations of 


iattnerite 


Vassicot 


Che dissociation of massicot in ar 


aqueous solution is expressed by the 
following equations 


PhO + HO Pb* 2OH-, K 10 


Pb(OH Pb** OH IK 10 


In a dilute solutio 


the activity 
water may 


and ol 
be assumed to be unity 


of sparingly soluble massicot 
Therefore the activity of plumbous 
ions can be cak ulated by the following equation 


log i 2 log don 
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Assuming that the 


in such a dilute solution 


7 


vities 


the 


ire 


ipproximate | equ il to the concentrations 


solubility of massicot can be calculated by the 


following equations as a summation of the simple and complex ions 


w here Pb massicot 


Lhe st ibility at ld ol 


ma solution 


Pb (massicot . Pb 


1 he ( lceulatio 
choxice 


lree trom ¢ 


ol mMassicot, an 


ingvlesite Pb (cerussite 


Pb (minium); and Pb (plattnerite 


the solutions conta nye various « irbor 
Figs. 5, 6 and 7 When solutions are 


becomes stable i n oxidizing alkaline 
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which cont less 


than 10 mole | 


held of m ot disappears if a small 


of sulfur Hlowever, the 
umount of carbon dioxide 1 


is 
system 


present 1 the Therefore, massicot cannot be the st ible phase in 
the carbonated ground waters which may prevail in limestone regions such 
vestigated, but can be formed in 


a strongly alkaline 
carbonated ground watet 


three district 


Vinium 


The following formula mav be written for the dissociation of 


ts equilibr um const t can be calculated from the 


iri 


minium, 
available thermo 


2Pb + 4H, 


inity as it is sparingly soluble 


2 log I ? pH 14 
onship between plumbous and plumbic ions is 


Substitut 


it 


be obta ed i ri I ! 


plumbous 1wWons 


16 


ipproxim ite Is equ il to the concentrations 
dilute ] ) thn ) } 


mit im mat be calculated bi the 
tollown tl ~ 


was exceeded by the solubilit 
the stable mu 


eral the 
of pH 
1 pH above 
nineral 


leterm 
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P’iatinerwte 


platt erite PbOsd, is expressed by the following 


The disso 


formula 


PbO. + 411 Pb + 2H.O, log K 7.95, 
Pb Pb + Je / 1.7 volts 
Assuming that the activities of sparingly soluble plattnerite is unity and 
also that the itivity ot water S unity, the wtivity ol the plumbous ions 


which are in equilibrium with plattnerite can be calculated in terms of pH 


and Eh 
low ay | h + 1 7 tpl 7.95 


\ssuming that the activity of plumbous ions is approximately equal to 


the concentration in dilute solutions, the solubility of plattnerite can be 


calculated by the following equations 
Ph platt erite { ( 
howe ¢ on 
— 6.12 + pH + log C 


The stability field of plattnerite is defined as such that its solubility is least 
of the minerals in consideration ind is shown in Figures &, 9 and 10 It is 


noted that the platt erite field exists mostly within the et ronment it 


which water is decomposed Llowever, in solutions with a Peo, less than 
10-* itm t extends into the reyviol where water 1s stable If t he platt 
nerite discovered the Csoodspris ys district was prec ipitated irom 

iqueous solution nm al equilibr im condition, it would be predicted that the 


plattnerit was formed in the limited environment which is represt nted by 
i thin wedge below the surface of the decomposition of water, but withi 
the plattnerite field) 1 Figure 7 llowever, cor sidering the effet of over 
voltage, w iter Ma ty stable ibove the theoreti il voltage lor the decomposi 
tion of water, and consequently the possible environment for the formatior 
of plattnerite would be broadened, if such a highly oxidizing environment 
might exist in nature Che disappearance of the massicot and minium 
fields in carbonated solutions is of geological interest. One wonders wh 
minim ind massicot, which h ve striking vellow ind red colors, have never 


been reported trom the (soodsprings district where i highly oxidizing 


environment has prevailed be ng indi ited by the occurrences of plattnerite 
\s shown in Figure 7, the m im and massicot fields do not exist in car 
bonated solution Instead, the cerussite and inglesite helds occupy the 
entire space between the galena and plattnerite field. Therefore, the 
ibsence oim uma d massicot the Gsoodspris ys district « il be explained 
b the stabilit ol the se on erals u i irbonated solutio 
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enite 
bale m in supergene facies the (,oodsprings 
ted b the sper trographi in ilvsis, which will be 
During the oxidation, molydenum was liberated 


lLlowever, the 
ystals is still an unsettled problem Gold 


the lattice, 


minerals 


Ss supergern 


ild enter valena and 


s more likely to be in the form of molybdenite 
le In the present stud) the stability relation 


t 


dis ussed 


t¢ wulfenite gale i ind cerussite are 
nite Since information on the complex ions 
| solutions ts not avail ible. the pres nt disc uSsSsION 18 


bdenum exists mostly as molyb 


ilk 


its standard oxidation- 


which mol 


of molybdenite (MoS,) in an iline solution 


e following equation, ind 


I lculated from the free energies of formation of 


MoO," + 2S $HO + 2 
46.8 kcal mole / 1.02 vo 
1.02 0.03 log (adyj.o47 a Ouos, "on 
spar vl soluble molv bder te 18 unit 
100 
O- - h 1.02 1; 
5 
0 o iu ile tlated b equ tiotl 
Si) SHI . 0.14 volt 
(1) 16H 
14 lo 1s 
ol ible Si lf if solut oO Boo mole /| th it the 
es of various forms of sultur is approximately equal 
the tot | sulfur solutior ind that the wtivities 
sulf i¢ s are evlig bl small 
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Substituting Equation (20) in Equation (18), the activity of molybdate ions 


which are in equilibrium with molybdenite can be obtained 


100 
xS 


2 log = 
+ 2 log | s FO) 4 que 10" + a*yr- 107} (21 


On the other hand, the activity of lead ions which are in equilibrium with 
wulfenite can be calculated when the activities of molybdate ions are known 


Pb Mo, Pb + MoO., K 10 
log ay log am 4 


ind substituting Equatior 1 Equation (22 


12.6 + log 
log } » + ayt-10" + a*y*-10"'! 


The iwtivities of lead ions which are in equilibrium with yalena can be 


calculated by a similar method 
PbS Pb 


log S 
a A an 10" H 10 ) 24 


1 he bound iry surtace between the wulfenite and the galena stability fields 


is obtained by equating Equatior 3) and (24 


100 
Kh Spl 


10 ' ly ' a*y?- 10"! + 100.75 0 


This is a function of Eh, pHi ind =S, and is indicated by the surface ABCD 
in Figure & In an environment with a higher Eh than this boundary 
surface, wulfenite is more stable than galena in the presence of molybdenite 
whereas galena is more stable th wulfenite in the presence of molybdenit: 
in an environment with a lower Eh than the boundary surlace 

Wul fenite-Cerussite- Molybdenite In a higher oxidizing environment, 
re ilena will bn iltered to cerussite lhe boundary between the stability 
helds of wullenite ind cerussite i presence ol molybdenite will be i 
vestigated in this sectior Assuming the total carbon dioxide in solution to 
be 0.03 mole /1, the id ions which are in equilibrium with 
cerussite is calculated to 13 Substituting Equation 


Equatio 13 


10 a 10 
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galena-cerussite boundar\ The wulfenite inclusions in an oxidizing galena, 
which were commonly observed in the specimens from the Goodsprings 
district, may represent this conditior 

As lor y as molvbdenite exists. wulfenite is more st ible than cerussite 
ind v ilen iin i held ibove \Bt 1) W he Nn the environme nt becomes more 
oxidizing above the boundary between galena and cerussite, (EFGH 
molvbdenite and galena will still be altered to wulfenite, as long as molvb 
denite exists. Eventually, molybdenite will be all dissipated and removed 
from the system Thereafter, wulfenite cannot be the stable mineral 
because molybdate ions are no longer supplied by molybdenite. Galena is 
altered to cerussite instead of wulfenite, and further, wulfenite ts taken into 
solution and migrates or is transported away Che molybdate ions may be 
reprecipitated when the solubility product of wulfenite is exceeded because 
the solution evaporates or because the molybdate tons encounter a solutior 
rich in lead ions he study of the paragenesis of wulfenite indicates two 
stages of flormation the earlier is represented by the wulfenite inclusions 
galena, and the later is represented by the wulfenite found in fractures in the 
counts rocks away from the ore bodies and evidene ing the migration ol the 


1Ons This paragenesis agrees W th the course of the supergene ilteratior 


discussed above, and appears to be explained by the present study 


CADMIUM MINERALS 


In a zone of ilter ) ’ ‘ CdS) is 
most common mineral of cadt I i | many cases associated with 
oxidizing sphalerit Ct t | ra supergene mineral ai 
cadmium oxide is extremel 


Lhe dissociations ol } tT | ) expressed 


following formulas | 


\ssuming it ft ulfus ition is 0.1 mole/| at 25° © under 1 
itm., and the tot rbon d ( solutions is 0.03 mole/|1 under the 
same conditions, th 4 cadmium ions which are in equilibriun 
with greenockit can be calculated by the follow 


equations 
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SOURCES OF THE MINOR ELEMENTS IN SUPERGENE FACIES 


Che ore minerals and country rocks were analyzed by the (qualitative 
emission spectrographi« method to account for the sources of the minor 
elements such as Mo, As, V, and P in the supergene lacies, al d also for the 
mineralogic contrasts observed in the three districts investigated The 
results of the analyses are shown in Tables 6, 7, and & The sensitivities 
of the spectrograph were 0.01-0.001% for Mo, 1.0-0.1% for As, 0.01 
0.001% for V, and 1.0-0.1% for P 

Volybdenum In the Goodsprings district, molybdenum was detected 
in galena and cerussite, but could not be recognized in sphalerite and the 
country rocks The results of the inalyses and the close association of 
wulfenite with galena indicate that molybdenum, a major constituent ol 
vulfenite, was derived from galena during supergene alteration In con 
trast to the Goodsprings district, no molybdenum mineral has been reported 
in the supergene zones of the Upper Mississippi Valley and the Southern 
\ppalachian districts. In accordance with this field observation, no molyb 
denum was found in the ore minerals and the country rocks herefore, it 
ippears that the abs« nce of mol bdenum minerals in the s ipergen facies 1s 
due to its compl te absence or to its extremely low concentratior n these 
districts 

lrsenve In the specimens from the Goodsprings district, arsenic was 
detectable only in galena, but was present in sphalerite and in the count: 
rocks in quantities below the sensitivity of the present technique In view 
of the close association of mimetite with "4 ilena, it ippears that galena was 
the source of arsenic in the supergene lacies 

In the Upper Mississippi Valley and the Southern Appalachian districts, 
irsenic could be detected neither in the ore minerals nor in the count: 


rocks The absence of supergene arsenic minerals in these districts is 


probabl: the result ofits low concentration or its ibsence nn the supergene 


ZO 
Vanad 1 Vanadium was found in the shales, but failed to appear 

inaltered ¢ from the Goodsprings district The occurrences of the 
supergene ium minerals a indi the shales as the source of the 
vanadium ions in the supergene facie In the South Whale and Mobik 
mines 1 this district, the occurrences of the supergene va idium minerals 
des« loizite ind cupro-des loizite, ire restricted to the brecciated fa 

which cut through the ore bodies These occurrences can be explained by 
three factors: 1) the prevailing environment must be high enough to 
convert the tetravalent vanadium to the pentavalent vanadium (13) (the 
tetravalent vanadium, which is probably the state in shales, is relativel: 
immobile due to the formation of the sparingly soluble VO»., whereas 


— 


pentavalent vanadium is soluble as VO, and will be precipitated by reacti 
with heavy metal ions); 2) the geologic structures must be favorable for 
guiding the ground water, which is loaded with vanadate ions, to the oxidiz 
ing ore bodies, where a sufficient concentration of heavy 


j > 


present to form insoluble vanadate minerals; and 3 
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er may be necessary to concentrate vanadate and 


rate ot the ground Wal 


heavy metal ions and thus to cause the precipitation 
In the Upper Mississippi Valley and the Southern Appalachian districts, 


vanadium was detected i the country rocks and soils However, no 
vanadium mineral has ever been reported in these districts The absence 
of vanadium minerals in the supergene facies of these districts may be 


because 1) in the humid climate the vanadate and heavy metal ions in the 
yround water are ot sufficiently concentrated to cause precipitation, of 
because 2) the environments are not oxidizing enough to convert tetra 

lent vanadium to the pentavalent state 

Phos phoru Phosphorus was detected in the counts rocks in the 
three districts studied, whereas it was not found in the primary ore minerals 
lherefore, the source of phosphorus is attributed to the country rocks 
lhe wide distribution of pyromorphite can be explained by 1) the wide 


spread presence of phosphorus in the rocks, and by 2) the stability of the 


pentavalent phosphorus (PO, in the entire supergene environment (30 

It is noted that two hemimorphite specimens from the Southern Ap 
palachian district contain phosphorus. Neither X-ray study nor micro 
scopic observation uncovered a distinct zinc phosphate mineral Therefore, 


phosphorus is probabl the hemimorphite lattice substituting for silicon 


CONCLUSIONS 


1 Hydrozincite s the most abundant supergene Zine mineral in the 
(oodsprings distri ¢ Ne \ ida This Was caused by the dry environment 
which carbon dioxide gas could freely escape into the air, maintaining 


ts partial pressures at less than the equilibrium value in the smithsonite 


hydrozincite reactio he carbon dioxide partial pressure at equilibrium 
was calculated to be 10 itm. at 15° CC; 10 atm. at 25° ( and 10 
itn t 40° ¢ If the partial pressure were higher than those values at 
the respective temperatures, smithsonite would be more stable than hydro 
Zincite \ crease of smithsonite with depth mav have been caused by a 
slow rate of diffusi d entrapment of carbon dioxide in rocks, which 
turn resulted in a locally high partial pressure of carbon dioxide 

») Smithsonite is the predominant supergene zinc mineral in the Upper 
Mississippi Valley district This is probably attributable to the nature 
of the ground water, with its average pH of 7.5 and a probable carbo 
dioxide content close to saturation In solutions which are saturated with 
itmospheric carbon dioxide under 1 atm., at 25° C and in a pH range of 
7-8, smithsonite is from ten to fifty times less soluble than hemimorphite, 

dis the most stable s Iipergene zim mineral 

3) Smithsonite and hemimorphite are the chief supergene zinc minerals 

the Southern Appalachian district The occurrences of hemimorphite 
masses red soil are probably attributed to the acid soil, which has a pH 
between 4.0 and 5.0. In such solutions, it was experimentally proved that 
hemimorphite is more stable than smithsonite or hydrozincite Masses of 
smithsonite near the limestone bed rock may be explained by the neutraliza 


I not acid b limest« vi ch ilso supplies ¢ irbon dioxide 
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nerals was 


4) The general paragenetic sequence of the supergene zinc mi 


established to be 1) smithsonite, 2) hydrozincite, and 3) hemimorphite 


Dhis seque nee Come icle s with the s« quence ot the solubilities of these minerals 


in solutions containing the total carbon dioxide of 0.03 mole 1 with a pli 
range of 7-8 


5 Phe occurrence ol platt erite in the (oodsprings district madicates a 
highly oxidizing environment during its formation Based on a solubility 
study that assumes an equilibrium condition at 25° ¢ it was postulated 


that plattnerite was probably formed in a solution with 


al Eh overt . 0.7 
volts in a weakly alkaline environment 


6) Massicot and minium can only be stable in a carbonate free solution, 


whereas cerussite becomes more stable than either in a carbonated solution 


Therefore, the absence of massicot and minium in the Goodsprings district 
is probably because of its carbonated (limestone) environment 


7) In the presence of molybdenite, wulfenite is more stable than cerussite 


In a supergene environment This explains the common occurrences ot 


wulfenite as inclusions in oxidizing galena Hlowever, wulfenite becomes 


less stable than cerussite when molybdenite is removed from the system 


Migration of molybdate ions in a later stage of the supergene alteration in 


the Goodsprings district is evidenced by the occurrence of wulfenite as 


fracture-fhillings away trom the ore bodies 


8) Greenockite may readily be dissolved in an oxidizing alkaline solutior 


but is stable in acid solution under weakly oxidizing or reducing conditions 


9) The results of spectrochemical analyses indicate that, in the supergene 


originated from galena and that 
vanadium and phosphorus were derived from the country rocks 


facies studied, molybdenum and arseni 
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and supe ils originally present in the unaltered lava 
in areas where if any | had been added to the altered rhyolite during 
the formation of blind ore bodies at depth. No correlation between 
minor elements 1 | | \fter the apparent failure of the 
geochemical prospecting cl ittention was centered for several years 
on petrographic and geologi udi \s this work proceeded, it became 
evident that certain t pes | much more common than other 
types near blind ore bodies d that a study of alteration in conjunction witl 
other geologic tech iques ot materially increasing the dis 
mapping (1:4,800 and 1:9,600) was 


re bodies might be present in the rocks 
1 


underlying the Vi ecan pparent Following World War IT atte: 
tion was given ssibility further 


covery rate 


enlarged, several] 


localizing target areas by means 
ol geo] | vsics and ve 


I 


Geophysical work in the complex structurs 
of the Tintic mining dis has been relatively unsuccessful to date, how 
ever, and it seems probal it substantial advances must be made in this 
technique before it can be used profitably to find deep-lying blind ore bodies 
wastes 


ions that characterize many of our western 


under the adverse geological 
mining districts 
In the second ittempt t hemical methods, newly deve loped rapid 


colorimetric techniques for traces of metals were used with con 


iderable success Geocher il W | 1 the 


study of alteration, when car 
onjunction with detailed geological work. promised to greatly 
search for blind or ordi in this and other districts. Three 


East Tintic selected for study: one up-rake from the 


blind « loots of tl lintic Standard mine, the tops of whicl 


I vil 


ind two other areas the Grevhound 
ng pyritic alteration in the lava cap sug 
it dept This work, which was reported ir 


that geochemical work could pick up 


iltered lava up-rake from blind ors 


| 
vas fissured ie geochemical tests 


mile southeast of the Tintic St 


metals, and later drilling 
ground openings 1 ment ore 1s associated witl 
ne immediately low the lava In the Chief Oxide area, however. 
: : 
chemica 


i, aS was reported in the 
Lovering, ke t} nd Morris Q 


i 


1948 Almond at rris (1) carried 
| 


snowed 


on additional geochemical 


is amounts of zinc and lead are con 
iltered extrusive rocks 300 to 500 feet above the horizontal 

pipe-like Ir ossom ore ne of the main Tintic mining 
district, but only where ‘ast-west pre-mineral Sioux-Ajax fault 


l To tl ind south of this fault zone no geochemical 


was perceptible DO | ron Blossom re zone Evidently a leak 


] to s} ort circuit nT 
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Intrusive bodies ; umerous in the EF; Tintic district but none 1 
‘ ] 


rge; they comprise many oderately persistent dikes, many irregularly 


' 
hel 
shaped to cylindrical bodies ranging from fingers of intrusive rock less than 


ten feet in diameter to stocks more than a thousand feet in diameter, and 
severals sills and diatremes The largest pluton in the East Tintic Mout 
tains lies just southwest « he East Tintic district near Silver City, and is 
i stock of monzonite porphyry with a total surface area of about seven square 
miles 

The unconsolid: and semiconsolidated deposits are thickest and of 
greatest variety in ger gul s and in the broad valleys that border the 
range Chey are ; t-ore | are unimportant in exploration except a 
they totally co al t { ving bedrock Details of the stratigraphy 
thickness, lithology, and current nomenclature of the rocks are summarized in 
Table 1 

Structural History of the East Tintic district—As shown in Figure 
even a generalized map of the major elements of the Tintic structure shows 
a complex pattern of steep- and low-angle faults. The interrelations of these 
features can perhaps be pictured best by following the probable course of 
their development 

irea may have been uplifted in a broad gentle 

east-west fold at an early time, perhaps at the end of the Jurassic, most of its 
structural features are related regional east-west compression during 
(Cretaceous time Th of lis compression was probably the 
gradual uplift of the East Tintic anticline, and as it developed, minor folding 
crumpled the longer more gently sloping west limb between the crest of the 
anticline and the trough o lintic syncline to the west. The minor 
crumpling was accompanied by small tear faults and locally by minor thrust 
faults such as the Pinvon Peak thrust fault, the Tintic Standard thrust fault, 
the South Apex thrust fault, and the Homansville Canyon thrust fault 
Eventually, when the East Tintic anticline had risen to a critical elevation 
above the syncline that bordered it on the east, a major thrust developed 
the Allens Ranch-East Tintic thi ault—and much of the compressive 
stress in the anticline | 

Contemporaneous with the form n of the Allens Ranch-East Tints 
thrust are many tear faults, w strike from northeast to east-northeast 


These faults include several | \llens Ranch quadrangle as well as some 
that are well exposed in the East Tintic district. The most impressive of the 
| 


tear faults is probably the Eureka Standard fault of the East Tintic district, 


} 


but it is believed that the nearby Apex Standard and Hansen faults are also 
tear faults related te e development of the East Tintic thrust fault 

The next ma ' he structural history was probably the deve lop 
ment of th i! ticline, which lies west of the Tintic syncline 


In thi ymn anticline, which faces to the east, folding and faulting were 


concen li rf » northeasterly Paxman fault, which crosses 


the main ic district $000 feet northwest of Eureka (Fig. 1 


Much he com ssion sulted in northeasterly tear faults and a general 


EF 
extension of tl i nort outh direction Some of these tear faults 
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merely separate folds of different magnitude, whereas others pass into thrust 


faults of substantial displacement. The major northeasterly faults, which 


caused a northerly elongation of the range, are right lateral faults, whereas 
a conjugate set of northwesterly faults, so evident on the western side of the 
range, are left lateral faults in which the movement was a natural response 
to the east-west forces that raised the North Tintic anticline 

South of the Paxman fault the severe east—west compression that resulted 
in the conjugate fractures of the North Tintic anticline apparently induced a 
secondary southeasterly dire compression that caused left lateral move 
ment along northeasterly fissures in the main Tintic district, and caused 


' 


many minor folds and faults typical of a northwesterly compressive force 
We thus find, between the Paxman fault on the northwest and the Hansen 
fault on the southe idence of northwest to southeast compression, whicl 
Is not apparent i of the East Tintic Mountains. Such a stress 
would result if the ar o the south of the Hansen fault acted as a stable 
buttress against whi block of ground south of the Paxman fault was 
pushed during the east—west c« mpression noted above The effects of the 
southerly compression are evident in the left lateral movement on the Becl 
Centennial and Grand Central faults (Fig. 1) in the main Tintic district, in 
the folding of minor thrusts in the upper plate of the Chief Oxide thrust, as 
well as in the development of minor imbricate thrusting in the upper plate of 
the Tintic Standard thrust fault. Folding of the Homansville Canyon thrust 
probably occurred at this time and the minor folding of the South Apex 
thrust just north of the Hansen fault also reflects these forces. The inter 
mittent and changing character of the forces along the northeasterly fractures 
is probably responsible for the alteration of thrusting and normal faulting in 

the Tintic Standard area 
With the completi of the major folding of the North Tintic anticline 
and the relaxation of tl west compressive forces, major north-south 
faults that are later than the structures described above came into being. The 
first breaking along Ima fault, the Eureka Lilly, and other northerly 
trending normal faults took place, and was followed at a somewhat later date 
south tensio d the development of large and persistent east—west 

irriston Pass area 
eginni of volcanic activity in Eocene time was accompanied 

local movemet oncentrated chiefly along pre-existing faults—espe 
near centers of vulcanism—and by the development of northeasterly 
compressive stress usion of monzonite porphyries during the vol 
canic episode quite appa ly was contemporaneous with the appearance of 
several northeasterly tension fissures, many of which became major avenues 
f escape for hydrothermal fluids emanating from the monzonitic intrusions 


at depth. Comparatively little of the post-lava and post-mineral faulting is 


later than the period of mineralization, but movement along Basin and Range 


type faults, which be ly as the volcanic activity, continued 
tl lertiary and Pleistocene, and some activity is 


intermittently 
recent. ° imulative effect of the Basin and Range type of faulting 


or more than a mile beneath the top of the valle 





Fast Tintic Mountains, but so 


know! ist of the mountains are either la 


small displacement 
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{iteration and Ore Det Most of the ore mined 
district has come from lead-zinc-silver replacement bodies in calcareous Paleo 


zoic formations, but pyritic cop gold veins and argentiferous gray copper 


in tl noncal ous Tintic quartzite have contributed 


gold telluride veins 
f the district As the water 


several million dollars to t ital production ( 


surface in the areas thus far exploited 
inged the character of the primary 


ores and hi vielded a wide variety of oxidized ore minerals. The primary 
ores in | nas 1 | | lac ] leposits are made up cl i¢ fly ol spl ilerite 
’ 


galena, pyrite, and minor ruby sily in a quartz-barite gangue ; gold, enargite, 


tetrahedrite, and t chief primary minerals of the auriferous copper 


veins in 1 various gold and ‘ tellurides, 


hedrite primary minerals in 


of the 
The replacement ce shattered jasperoidized lime 


it the inters | 


steep mineralized nortl 


trending cr all f the northeasterly fis 
vy carry barren pyrite or pyritic coppet 
replacement deposits in carbonate hos 


} 
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quartzite 


within formations younger thar 


ire just as unusual in veins hav 

may occur in carbonate rocks at the 
listance and on strike with an auriferous 
casing of pyritic jasperoid 

feet in thickness This siliceou 

casing by an envelope of hydrothermal dol 
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hetween lolomute 
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he early productive stage is indicated by sericite, minor clear quartz, 
ind some pyritohedral pyrite \lthough this stage is earlier than the ore 
stage, pyritohedral pyrite is in large part contemporaneous with ore. The 
alteration may follow fissures above an ore body for several hundred feet but 
does not extend into the wall rocks more than a very short distance 


The productive stage if course, distinguished by the presence of sulfides 


of the base metals and by sulfantimonides and sulfarsenides of copper and 


silver and by gold ad tellurides, all accompanied by very little gangue 


Weathering has masked the hydrothermal alteration effects in many areas 
The disseminated pyrite of the mid-barren and late-barren stages is generally 
indicated by limonite-stained areas in the lava and rarely does one find even 
a pseudomorph of pyrite in the oxidized pyritic halo at the surface. Oxida 
tion of pyrite, however, generates sulfuric acid, which is an argillizing agent 


of moderate intensity itself, and which quite commonly has caused the brown 


iron-stained cap of the pyritic zone to be surrounded by bleached, slightly 


argillized rock. In many places there is a band of manganese oxides between 


the limonite-stained cap rock and the supergene bleached zone, where the 
outward moving acids were neutralized beyond the pyritized zone 


Recognition of the alteration products of the various stages of hypogene 


alteration and appreciation of supergene effects are indispensible in mapping 
+} , 


he altered rocks of district and in appraising their significance 
Ore Gui favorable combination of structure and lithology 


is essential «alization of ore bodies of commercial size. any information 
on these vital controls that is available will be used when searching for 


blind ore bodies beneath an unconformable cap of lava; unfortunately, the 


exploration geologist may have to depend largely on other informatior 
Underground wo ws, drill holes, and information as to lithology and 
structure of the bedré in nearby or in pertinent areas not covered by lava 


must be appraised most carefully. In the East Tintic district, the imtrusive 


pebble dikes, which consist largely of pebbles of the underlying Tintic quartz 
ite, but which also contain fragments of other rocks where they underlie the 
source of valuable information. Limestone and shale counts 


guish areas where the lava is underlain by 


re the more hospitable host rocks were 


ore are fractures that were opened 
reopened af uartz latite blanketed the area. Minor move 
ments alon frac s in tl Paleozoic rocks were sufficient to ope 
ivenues of and although the minor move 
ment or breaking in the lay ight escape detection, the trail left by mineral 
I] fissures into the lava and altered them is 
Despite the failure of the alteration and 
lect completely the complex structure of the 
ittern usually does focus attention on those 
utions moved below the lava It is, of course 

important to realiz hat t ilteration halo in the lava may be 

enerally 1s I m a positi verticall 


illy over ore; all that may - said with 
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little altered rock gives way to—or is ungled with—octahedral pyrite 
and late light-colored dolomi © manganiferous ankerite seams: small vein 
lets of clay with o it quartz crystals are commor The sma 
well-terminated quart ystals associated with dolomite rhombs are con 


ll clear 


1 ‘ 
monly in the outer zone of mineralizatio id as ore 1s approached these may 
he intermixed Wi ) ‘ witt sm | \ stals of fluore scent light colored 
sphalerite IT oxidation produ which constitutes the 


t ore stage 


\lthough uferous carbona ire vn with 


ores, manganes very on ji he outerm« zones and n 


ld\ 


1! 


much as 1500 { hove tl ul metal le deposition. Generally 
pyritohedra | I 1 und | ) i ipproximately the same spot as 
first tiny of « , if the rocks penetrated 


es 1 , 
below the y imestone country rock in most places 


placed by hydrothermal dolom wel ‘yond the limits of the b: 


sulfide deposition and it may | an " in many areas, as a resul 


bit 


hypogene or supergene acid itior Hydrothermally sanded dolomite 
generally a precursor of k illoysite, or other argillic minerals 
sanded dolomite id th rorill ition zone in turn are commonly fou 
surrounding ; . l of jas nd, which is likely to be metalized or a 
casing around o Owe nany places the jasperoid does not extend 
as far as doe ( ind is I specially true where a manganiferous car 
bonate gangu 

The su y ti f tl imary minerals produces suites above 
the water tal t propri to the oxidized zone, but in general the 


change in mineralogy is idily interpreted if the primary zonal relations are 


understood ical vy k is especially helpful in the oxidized zon 


where small mou ot oxidi ( re minerals escape the eye, especially where 


" 1 Ty. : 1 ' 
masked \ ah ( 1 1 ox ci ) I l l in the permeable 
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methods They concluded i calaverite crystals did not possess the 


krennerite structure and could not have passed through a polymorphic it 


versio! lt the same way they demonstrated that the external taces oft 


krennerite were in perfect accord with its internal structure. The question 
of a field of stability for krennerite was thus left in abeyance 
When it became apparent, in the present study, that krennerite could not 


be synthesized at 300° C an attempt was made to form it at other te mperatures 


It was reasoned that, as krennerite contained consistently more Ag than 


calaverite (natural material contains in excess of 5 wt. %), the former mi 
eral might well be a high temperature phase stable at the liquidus surface 
\ series of runs were then made at 400° and 430° C yielding results as follows 


/30°C Natural krennerite largely transformed to calaverite 
Natural calaverite remained uncl anged 
Runs of the krennerite composition produced calaverit 
400°C Natural krennerite transformed to calaverite 
Runs of krennerite composition, runs deficient in and containins 


tellurium, all produced calaverite 


These results clearly indi it calaverite and not krennerite is the 


rm at elevated temperature may also be noted that the molar 
of calaverite (160.4 A gnificantly less than that of krennerite 
\°"), hence the latter mineral cannot be a high-pressure phase. 


Che following alternative hypotheses seem to be quite compatibl 


what is at present known of the phase relationships 


(a) Krennerite is the low-temperature, low-pressure polymorph of AuTe 
Chis explanatior See! ) I most reasonable one It is also the 
original hypothesis of Borchert ough his notion that all calaverite has 
passed through the inversion is erroneous. Geological evidence clearly 


1 
may t 


cates that if calaverite and krennerite are indeed polymorphs the 
transition between them must be a very sluggish one. Figure 7 is a 
schematic diagram of the phase relationships along the compositior 
\uTe,-AgTe, o1 imption that krennerite is the stable phase 

| 

iower temperatures 

Krennerite is always metastable with respect to calaverite This would 
imply that the stability fi of krennerite lies somewhere above the melt 


ing curve 


ial « xperimet al runs designed to throw light on the above prob 
een carried out 


Natural krennerite heated for a period of 7 days. No change 
mineral wa 
Results identi 
Natural kre it ained unchanged after heating for 
heated for a period of 7 
calaverite starting to form 
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yrite, pyrite, and tetrahedrite, a list essentially 


30 has not been found in 
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Calaverite 


native tellurium most common 
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Altaite, mel nagvyagi ind tetradymite may occur w calaverite but 

ire generally present n onl iccessoryv amounts 
Colorad I mmonest associate of calaverite . numerous 
discrete masses with a broad 


ociation mmon enough t 


oloradoite 


particles ar 
1 


in colorad 


found in 


verite 


nerite ; ' st | g found two occasions and the second n 


specimet n all « associa s described, altaite, melonite, nagvag 
al d 


tetradymit nay be preset iccessory minerals. Tetrahedrite and 
chalcopyrite are widely distributed minerals and are often observed in contact 


with calaverite ninerais appear to be quite compatible even 


thoug! calaverite AV Vel il i tially replace the earlier tetrahedrite grains 


In contact witl pyri rystals frequently show corroded outlines 
and replacement of the sulfide mineral is clearly indicated \ feature of the 


telluride minerals from Kale however, is that they only rarely occur it 


the pre sence of pyrite 


"7 J , | 
Chenucal mposit verite any specimens of Kalgoorlie cala 
. 


verite have been ; ( are listed by Spencer (31) and 

Simpson (30 pear unreliable, however, either 
evidence omog It\ gg il > was la king or 

mineral has been confus with kret ite al yivanite. In certain instances 


telluriun tt l mit 1 so th: has been no check as to the 
iccuras of the I if} 
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and sylvanite, in the more silver-rich telluride ores. The most common min 
eral associations are as follows 


Petzite-Calaverite-Coloradoite Petzite-Coloradoite-Gold 
Petzite-Calaverite Petzite-Coloradoite-Tetrahedrite-Chalcopyrite 
Petzite-Calaverite-Altaite Petzite-Sylvanite-Hessite 


Coloradoite and calaverite are the commonest associates of petzite and the 


three minerals may be found together in varying proportions. In the assem 


blage petzite-coloradoite-gold, the host mineral for native gold is generally 
coloradoite, but the preference of gold for coloradoite in this assemblage is 
not nearly so marked as in the corresponding calaverite-coloradoite-gold as 
sociatior 

Large grains of petzite commonly contain a little altaite and in some 
cases, ex solution-type intergrowths with sylvanite. However, petzite is 
more commonly an associate of sylvanite when the latter occurs as an inter 
growth with hessite. The assemblage petzite-sylvanite-hessite, the former 
mineral occurring as discrete grains, the latter two as a fine intergrowth, is 
typical of Kalgoorlie and is well shown in ore from the Hidden Secret and 
Gt. Boulder Perseverance mines. This association was first described by 
Stillwell (32 

Petzite is often found w tetrahedrite and chalcopyrite 

Chemical Composition of Petzite Simpson (30) lists six complete and 
three partial analyses of petzite from Kalgoorlie. Of these, three are mixtures 


f petzite and coloradoite The remainder show 


25.4 
41.8 


42 & 


100.0 


ym oOmpson 


inalyses suggest that there is very little deviation from the stoichio 


i, though silver does substitute for gold to a minor extent 


irmul 

cnneriti ful Simpson and Stillwell, in their earlier studies of 
Kalgoorlie tellurides, clearly recognized that much of their supposed “syl 
vanite” might well be krennerite, but in the absence of recognizable crystal 
forma ack of knowledge of the true chemical composition and crystal struc 
ture of krennerite, they were unable to make the distinction. X-ray identifica 
tion of san has clear own that krennerite is not only an exceedingly 
common mi ilgoorlie, but that much of what was previously re 
garded ; lvanite is, fact, krennerite This conclusion was anticipated by 


Stillwell i when he reported that the main gold-bearing mineral on 


the 300-foot level of the Lake View Consols lode was probably krennerite 


nd not svivanite pre usly th ugl ; 
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hessite petzit iltaite-tetrahedrite 
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empressite 
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feature of Kalgoorlie mineralogy 

wths are accompa! ied by pe tzite r by 

m the Gt. Boulder G. M., by petzit 
1 


Stillwel 
1 iltaite, | ml ¢ GT) in n fre 


vel of the Same mune, hessite-s\ 
Svivanite 


petzite ane 
vanite 


and tetradymi 
and tetrahedrite (Fig. 11 
and petzite may also occur t without hessite These intergrowths 
may be interpreted lu olu f an original homogeneous phase 
The associatior vivani ssite and sylvanite-tellurium have been 
Petley lode of the Associated G. M The 


veinlets are associ 


found in only one 

isseTi blage calav 1 Vival l ls are 
Chemin The following analyses of Kalgo« rlie 
Simpson (30) but with krennerite 


the range in silver conte1 fron 


wer than that len | the 


pson an 


M., wher 
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ot more 


Stillwe y I ome Kalgoor 
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The relatively high content of 
been taken by Stillwell (32 
silver selenides aguilarit 

inclusions within 
those ol 
Bi.Te,S 


- 
and 


of small 

lusions similar to 
Tetrad ymite 

but 


‘| 
Simpson ( 29 


altaite 


served by 


was not observed by 


if 


IRKHAM 


silver, together with traces of selenium, have 


as evidence for the possible existence of the 


These he equates with a number 


naumannite 
In the however, no 
{ 


Stillwell have been noted 


pre sent suite, in 


has previously been reported by 
29 


Stillwell (3 


etradymite 
In the present study 
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and Star 
Bismuth 
( hac rve d 


letradyn 


Mr. H. Jensen 


common tellurice 


(per unication) reports that tetradymite is a not un 
the 2 400-foot level of the | 
analyses are i labl 


ake View and Star mine No 
t\Vallavit 


hemical 

Nagyagite AuP TeS Nagyagite was first recorded from the 

Orova-Brownhill mine by Merrett (18), but no further material 

until Stillwell’s mineragraphic work. He found nagyagite in a specimet 
st. Boulder G. M. and from two other unknown localities 

relatively large n 


was located 


present stud lass of nagyagite was found or 
t level, Gt. Boulder G. M Che 

iverite, but within 
and altaite In 


minute 


predon inant 


the nagvyagite are mat 


y small 


1 occurrence, locality 


a second 


grail 


Ss associate d 


with calaverite, cok 
these three tellurides 


are found many relict 


Krennerit 
P , 
petzite-seli 


nerite-te trahed 


9 25 
99 89 


te was first reported 
Stillwell (3 


from 


2 specimens tron 
Kalgurli, South Kalgurli and Lake View 


ite occurred in muicré 


iT 


observed 


mines 
scopical ¢ the largest 
diameter 





nt study 
Che 


| reentage ‘ 


tl e (st Boulder 
Was observed 
tion, gra 


intersected by narrow veinlets 


of weissite mall filaments of gold. Weissite-gold 
veinlets penetrate al { \ of krennerite while the 


nineral bei 


lack 
ivage i! ig Ta 
recorded earlier by 
20-foot level 
(he called it 
secondary enrichment of copper 
interpretation. It seems likely that 


Iron the oxidized Zoe have reacted wit! 


writer agrec 


1 
co leafy , 

g solutions 

gold tellurides to forn y 


ld 


0 


A possible reaction would 


2 Cu.Te + Au 


vs the mineral to ly weissite 
Still probable Ser 


chalcocite 


( | il Ops rite 


wre differs widely 


me vel 
whout the 


ore 
14 
void MAaSsSIV 


crystallogr ipl 1 
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Gold-calaverite-chalk 


, , ' 
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vic coloradoite 1 
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rvacott 
‘ r 
ang yas, 


magnetite 
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commonh witl petzite 
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Chemical Compo 1 of letrahedrité Simpson 
| 


plete and one partial analyses of Kalgoorlie material 


is might be expected a varvins »: As ratic 


14 


l6.¢ 
I) 


100.49 


s been 
» far described and d 
eed nly the chalcopyrite telluride assen 
ontai tetrahedrite ( t wit yrite, chalcopyrite general] 
evidence of having laced ier I ulfide. In the zone 
enrichment chalcoy veined b 


vel 


mineral occurring throughout the Kal 

ndance appears to bear no relationship to 

ls present in the lode, though where 
ntact with them 


mall euhedral crystals 


wallrock. The pyritic wall: 


minerals by a zone rich 


the sulfide, as 
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ferric oxide has been conv | to pyrite though a few quartz-magnetite and 
quartz-hematite masses hi preserved. Rarely, such 


magnetite may 


vw veined by calaverite, vrite, d gol 
Other Metallic Minera illwel 32) reports the presence of enargite 
jamesonite, and stibnite | 


uit these were not observed in the 
present suite Chey are, presumably of rare occurrence 


Ganque Minerals predominant gangue minerals at Kalgoorlie are 


quartz, dolomite-ankerit derite-magnesite, chlorite, sericite, and 


sone 


tourmaline These minerals have previously been described by Sim] "1 


son {| 
| é 
in some detail and need not be here reviewed \n important feature of Kal 
goorlie mineralogy, however, is the general absence of large masses of vei 


quartz. Much of the silica in the veins appears the result of alteration fror 


a silicate to carbonate-rich wallrock and the quartz is to be regarded 


i* «al 
metamorphic rather than an mtroduced vein mineral 
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metamor ‘ Kaiser (/ as 
originally sedimentary, abl metasomatt 
metamorphism into thei ul 
’ th + | 
most 


id processe 

gneisses are 
mil ire ulin 

amphibolites were 

gabbroic compositior 

hiboliti 

which has retaine« 

leformed 


further 


intense 
w transi O vabbri 
' heen 
f by + ¢Cagri ] | i ] Titi . 
modified | : t potas | 
morphism, to gneiss o 


heds 


ated with the gneisses 
I on reported limestone 
< £a . ' 
ccurring ' and 
ist | y 1s , ; 
mineralization 
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n some of the porphyro 
ineralized limes 


the carbonati 


occurs i 
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bolites, in the porphyroblasty 


yneisses derived 
enclosing sedimentary rocks, and in thin beds of crystalline limestone 


from the amphibolites and 


Che zone of mineralization tends to conform with the belt of amphibolized 
rock and hence wi 


with the inferred zone of structural weakness, which, prior to 


metamorphism, had di 1 the intrusion of gabbroic rocks. Within the 
yf mineralizati | dividual deposits, which have 
ilar shapes, trend in northwesterly directions, in part approximately 
coinciding with regional structural trends Individual bodies strike N 80° W 
N 60° W.N 30° W. and N 10° W 
vnelinorium dip northeast and those on the northeast side dip steeply 


broadly tabular and 
Deposits on the southwest side of the 


but control is not always 
apparent ned zones of shearing 
conformable nclosing rock and 
y defined walls, unmarked by gouge Son 


an phibe lites 


, parallel 
OT banding of the et 
wordered by sharp! e cut the 1 
ssure rather than she 
In many deposits tl ural guid: has been almost obliterated by the 
ineralization, which, through replace nt, has 


MoT 


ir-controlled 


removed cirective shears or 
Iractures 


The relations ! ‘ x plained by Abbott (1, Dp. oF 
Kaiser (7) on the | of both stratigraphic and structural controls 
believe tl he bed crvstalline limestone have been instrumental 

g the n ralizati with the deposits assuming the 


structural charac 


ests that the deposits are 


sup 


| | 
actual locati 


‘ x plored 
thickne 


Small 
ippear 


‘ 


lary 
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MINERALOGY 
Summation 


Che deposits contain a mineral assemblage characteristic of the carbona 
tites, deposits noted for their concentration of minerals containing thorium, 
titanium, columbium, barium, calcium, phosphorus, iron, and rare-earth 
elements, in association with abundant carbonates, chiefly calcite The 


ire conspicuously developed in the Lemhi 
County deposits and are represented by monazite, allanite, apatite, ilmenorutile, 
rutile, ilmenite, magnetite, barit ' 


Wa ind 


minerals containing these elements 


” iT 


calcite, along with biotite, phlogopite 
actinolite, garnet, glaucopl ine 


pyrrhotite, chalcopyrite, and sparse quartz. Other minerals reported but not 


epidote, bastnaesite, ancylite, sphene, pyrite 


observed include specularite, zoisi serpentine, molybdenite, and siderite 
\ll of the minerals, except | ophane, epidote, sphene, garnet, rare 
earth carbonates (ancvylite and b 


+} 1 


, quartz, and sulfides, are relatively 
hough not uniformly abundant: 


except the garnet, epidote, sphene 


ire recognizable without the 


ipatite, ind rare-earth carbonate . microscope 


inerals in the deposits are the actinolite, 


Lhe most cistinctive or diagnost 
hiotit hlog Manis , note ¢ ~~ oe Imenit 
notite, phlogopite allanite I izite apatite, calcite arite, ilmenite 
ilmenorutile, and magnetite 


ue Fe ures 
For a more orderly 1 t tl and described 


irbonates, sulfates, oxides, and sulfides 


e minerals are yr uped 
epar itely as silicates 
articular attention is ral characteristics and rel 


| 


itionships 
ups and their minerals are listed below 


lo provide ea 


all the deposits, Is 

nunerals ; mn cur except in the ce posits ne: 
Montana li of rai ll, comparable in size with 
in bordering the deposits near the State line 


an inch in diameter. Muct 
for the border zone of the deposits 
hin section the grains are not deeply colored 
Colors are mostly brown, less commonly 
absorption 


»bviously an inheritance fri 


heen introduced into the 
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during early stages of mineralization In either case the biotite is penetrated 


and replaced by crystals of actinolite and other minerals (Fig. 2 On th 
other hand, considerable of the biotite and especially that tending toward 


1 


coarser grain growth penetrates into and through the actinolite crystals 


commonly retaining oriented remnant inclusions of the actinolite Such biotite 
is itself embayed or otherwise penetrated by other minerals and has been 
observed as shadowy, ghost-like inclusions in the calcite This biotite 
approaches phlogopite in composition 

Actinolite is one of the most abundant minerals and in some desposits is 
the leading mineral. It occurs in all deposits but is not so conspicuously 


| 


developed along the southeastern part of the belt as toward the northwest 
j 


not so darkly colored Where 


unweathered, the actinolite is dark green and highly lustrous, but in some 


possibly because its grains are smaller an 


lull in appearance Because of its color 


deposits it is pale green and rather « 
and textural habit, the actinolite is one of the most striking minerals in 
the deposits 

[he actinolite possesses rather distinctive characteristics Much of it 


shows a tendency to occur as complete to incomplete radial aggregates of long 
slender crystals or needles: as bundles of needles in divergent and sheaflike 


forms; and as felted, essentially fibrous masses. The radial- or divergent-like 


aggregates are generally of small size, less than one half inch in diameter; but 


in some deposits on upper Squaw Creek the aggregates are composed of 
slender rods as much as four inches long. The tendency for radial or 


rosette development is well displayed in thin section. Thin sections also 
reveal that the actinolite lacks uniformity of composition and has a higher 
iron content in some places than in others. Where relatively rich in iron 
the actinolite is distinctly greenish and notably pleochroic; otherwise the 
actinolite is pale green to nearly colorless and shows but feeble pleochroisn 
or none at all. Such actinolite shows transition to tremolite 


The actinolite has an irregular distribution and may occur anywhere 


1 


through the deposit, but in s places it shows preference for marginal 


areas and may appear in g1 r abundance along one or both walls or along 
one wall and then the othe 1 such areas the radial and felted aggregate 
may penetrate outward i he host rock (Fig. 2 Irregular masses, how 


ever, may occupy central s of the deposits, their erratic distribution fixed 


by the sporadic distributi f the calcite, which has permeated unevenly 
through the deposi ‘ tintir \ f } Ww] woul a1 } 


| ve been a continuou 
1 
ind essentially 


, 1 ’ 
ictinolite aCe 


inherits introduce: 


ls { the deposits and 


turn serves as a he il] other miner: 
penetration and mot extensive replacement by calcite (Fig 
magnetite (Fig , rutil igs. 10, 11), and the remainder of the minerals 
: , 


It is particular val hrough by the calcite, its radial group and felted 


masses commonly occurring as irregular remnants or as ghost-like inclusions 
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outlines 


except 


the prince ipal 
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or lighter 
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f the actinolite 
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by 
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vTeetl 
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ndian Creel 
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fractures 
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he 
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associated 
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untle d 


insect 


il belt 
‘T 


vrains 
It may 


W here 
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occur as well 


twinned 


sh ips d 
are Generall 


show minor breakdown 
allanite 
that 
Much of the allanite is free of 


inclusions in 


Locally the veins 


forms crystals penetrate 


other minerals 


In places its borders are penetrates 


locally the penetration by 
illanite appears as irre 
Chlorit 


product of the 


gular 


IS present in me 
biotite 

s the chlorite 1 
sheaf-like 


biotite 


but in other 
preservation ol 


partly altered erains n 
carbonates 

Sphene 

ilmenite 
Creek 


iryin 


Squaw son 


aim n s, but n 

remnants within 
Phosphates 

its preset t 


iped ( 


barrel-sl 
the deposit ind 


f crystals 


penetrated and 


and other 
V/ 

than in 
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is l Toot 

vithout the 

halt 


hone 


non 


nazite hi been 


is 


It occurs 


thi k 


to 
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thers 


includes 
- 
especially 
mot 
interrupted mantles on the monazite 


iy every 


irl 


anty 


whicl 


hey 


zoned 


which 


unaltere 


ire and some of 


1, but 
to a 


intles the epidote { Fj y 


in some places t 
reddish 
4 but 


actinolite 


ear margins, metamict 
of it 
and biotite 


most 


ind through the 


igh t 
luded minerals; but it may itself appear as 
in monazite and calcite 
and apatite (Fig and 
he so complete that the 


as 


remnants 


1 by monazite / 
lazite crystals may 


crystals 


thin section, mostly as an alteratior 


tions, the alteration is slight or incomplete 


rm complete pseudomorphs of the mica, witl 


tures Such pseudomorphs as well 


iv occur in remnant form engulfed 


minerals, occurring as microses vrains 


0 1¢ 
wsits near the Salmon River below the mouth 


Is penetrate the actinolite near ilmenite 
| r included 


occu4©rs 


is 


in the ut 


deposits, | 


occur as Nal 


throug] 


or, more as groups 
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‘rregates, which remain entirely 


and af 
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reo 
reg 


ates penetrate into an 
5 nd are in 


Fig 


remnant ( frig tur? 
the S 


monazite 


ire abundantly in 


deposit, mx 
ll crystal aggregates whi 
concentrations into pods 
It st 

crystals range from micro 


long. Most of the 


‘4 
read 


ng is discernible in m« 
ind 


1m 


ws alteration 
alteration 
Most of the thorium 


"1 
extent ot Is generally 


in the 
lanite 
develop is well s] 
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across grains and crysta f allanite it may gi he impression that it 1 
irregularly mant] by allani The monazite tends to clear itself of other 
minerals I rystals contain minor remnant inclusions or shadow, 
outlines of the allanite and actinolite t generally presents good crystal 
outlines agait } cite, but some crvstals are rounded and some are held 
is remnant inc] n the calcite (Fig. 6 

Carbonates . ite [(Ce, La), (Sr. Ca),.(CO (OH),-3H,O] was at 


first mistaken for impure carbonate grains inherited from the crystalline 


limestone, but later, more detailed studies disclosed that it was not an inherited 


mineral but that it and ely associated bastnaesite and calcite are 


younger than the sili nd phosphates. The ancylite is not abundantly 


represented in the S] ink it discernible, xcept micros opically, arm 


even then in onl b \ ni sections ad f the materials collected fron 
i line. TI lite has a tendency to forn 


generally s ‘what rounded as though corroded 


issociated with the ancylite and 


abundant than the ancylite, though still 


| 


a minor mineral nay be distinguished from the calcite by its higher 


relief, its indistinct cleavas r parting, its clouded 


chroism, and its decid | nu . aim Its pleochroisn and tabular habit 
Thy 


ippearance, its weak pleo 


also separate it fror in bastnaesite grains are genera 
somewhat rounded or corroded by the calcite Monazite in contact with the 
bastnaesite shows sot ( of corrosiot 
ite ne of the st essential minerals, « rs in variable quantities in 

every deposit, generally as one « os lant minerals 
is generally coarsely ular, grain in places measuring 
inch lo It is not to b fused vy 1e- to mediun 
gray ¢ ilcite composing ] cry i lin tone commonly pres 
the deposits. The cor bet he two calcites is particularly marked 
where the coarse calci forn r seams cutting or penetrating the 
limestone. ~ ontra is even nhanced by the hi to pale-buft 
color of the coarse calci resh surfaces. Some of the pale-buff calcite 
resembles sideri superficially, but unlike siderite, it reacts vigorously with 
cold acid 

The calcite is distribu | sporadically through the deposits as small 


‘gular sean d nd bunches, which ordinarily are without shary 





rounded or corrode: 


the monazite Generally the 


retains its euhedral shape 








1192 


contain a of sph chlorite, and actinolite, and somewhat more 
abundant ants of ite 1 barite (Fig. 9 .The larger crystals and 


~ 


grains in near the ire generally much fractured with the fractures 


Ilmen file or colu i bearing ruti i, Cbh)yO, has a somewhat 
restricted distribution and h observed only in the deposits from Indian 
Creek northwestward t ( ina line, reaching its greatest development 

Creek ar Where present, it is generally a conspicuous 

lumps and granules measuring up to an incl 

to several inches long Although the 

icroscope revea ong ti r tabular crystals (Figs. 10, 11), the 
nenorutile otherwise « as da steel-gray, granular masses, whicl 
are much more lustrous in appearat ian either the magnetite or ilmenite 

The striking metally eal oO ie ilmenorutile reflects its high but 

mewhat variable columbium content, reported by Kaiser (7) to range from 
+ to 10 percent columbi l an y Heinrich et al. (5, p. 1581), up to 
13 percent columbium with less n O.1 percent tantalum According to 
Russell Wood( oral « inication chemists of the Molybdenum Corpora 
tion of America reported tl of the ilmenorutile contained from 45 t 
48 percent columbiun <pr d as columbic oxide. Because of its high 


columl 


ium content, tl lr itile 1s generally opaque in thin section and 

difficult to distinguish from the magnetite 

ntent decreases, the crystals and grains 

In polished sections with polar 

ized reflected light, the nenorutile is readily distinguished from the ilmenite 
by its rather distinctive gravis! larization colors 

Che ilmenorutile lly occurs in the more central parts of the deposits 

generally with th lei Ithough granules or masses may extend into the 

actinolite and ot! ili ved in thin section the grains and crystals 

penetrate into and through calcite and silicate minerals (Figs. 10, 11) 

but rarely in them a clusi Its crystals also penetrate and replace 


riented remnants of the ilmenite. In 


places w i] i ypears to wrap around or fill in between the 


ilmenorutile crys 

Rutile is one of the lesser 1 ls and has been postively identified only 
at the far southeast l of mineral belt It is free of columbium and has 
i distinctly reddish col ind ti idamantine luster gener: characteristic 
1 
: 


ineral occu small grains and granules, mostly less than a 


lly through the more carbonatic parts 
minerals seems to be the same as for 

ilmene 
VOuarts 1 re mineral and has been observed sparingly in only a few 
deposits, stly as mi ic pod id irregular masses in the interstices 
between calci ind barite « ils me of it occurs as a cleft filling and 
borders well-shaped crystals of leite and barite. It is a primary metal of 
the deposits and 1 secondary mineral introduced along post-mineralization 


fractures. In places tl lal “les the barite and locally holds small 
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rdering grains of calcite and barite. Its relations to 
als were not established 
ire scantily represented in the deposits but are 
nostly as widely disseminated grains, exceptionally 

occur irregularly through the deposits but are 


arbonate mineralization, where their distribution 


boundaries of the calcite graitis 


crystals (IR 


Imenorutile she 


which 
ne-eighth inch square ne of these 
calcite and other minerals, inclu 


luding 
menorutile. Pyrrholite 


ing, locally, 
and chalcopyrite are not 
distributed and more difficult to dete: 
upper uav k xploratory 


mtaining il vT% 


In one 


work uncovered a small pocket 
ins of pyrite, 


pyrrhotite, and chalcopyrite 
ind against calcite and actinolite, the sulfides transecting 
cubic crystalliza 
sed and somewhat penetrated by 


Phis pow ket formed in 
needle < and lewte grains The pyrite ponies 
large grains t . 1, nck 


Paragenest 


origin of the deposits, the mineral paragenesis 


observation the mineral 


(On cursory | rela 





1194 


tionships TY baffling relationships stem 
trom the fact that so man f tl inerals tend t issume their own euhedral 
forms during is penetrate extensively into neighboring 
minerals 


replacement is indicated hy the retentior 


ot oriented island and also nv preservation 


mineral 
shadowy orf phante lik outh ; I the st, especially it } replacing 
corrosive ettects 1 


in other minerals ay nts an r evidence of trar 


1 
Is Calcite 


1 


minerals are also commo 


as these make it possible t 


establish the paragenesis with a high degree of accuracy 


Biotite is the only mineral with contradictory relationships, but this contra 
diction exists only because the biotite is not all the same age Inasmuc 


g as 
some of the 0 ! penetrated replaced by actinolite and more or less 


directly by all the minerals that follow, it can he 


definitely established as the 


earliest mineral Part of it ; perhaps most of it may be an inheritance 
from the country rock, but so is so closely associated with the actinolite 


that it must have been formed by the mineralizing fluids just ahead of the 
actinolite ul biotite is penetrated by and in part replaced by the actinolite 
(Fig. 2 the biotite, which penetrates and contains 


remnant inclusiot f the ; lite, indicates that there are two generations 
of biotite, one older and younger than the actinolite. As the younger 


biotite is also penetrated and corroded by all the other minerals, it had t 


form just after the actinolitte 

Che phlogopite has exactly the same relations as the younger biotite and 
the two may be essentially contemporaneous, the presence of one or the other 
reflecting local variati composition of the mineralizing solutions 


actinolite are tl ose oft the country 
\s the actinolite is 


The same is true 
calcite: but. as the tw 
one with respect te 


, 
mantled 


issociation with the ilmen: 
an the other silicates 
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The quartz is not associated with the oxides, but it is known to be younger 
than the calcite and barite. Its exact position in the mineral sequence is in 
doubt 

The paragenetic sequence is The sequence demonstrates 
that silicates, except sphene, formed ahead of the phosphates; the phosphates, 
ahead of the carbonates; the carbonates, ahead of the sulfates: the sulfates 
ahead of the oxides: and the oxides. ahead of the sulfides 


MINERAL SUCCESSION 
Biotite 
Actinolite 
Phlogopite 
(,arnet 


Epidote 


Allanite 


rEXT tA N rR I 4 CHARACTERISTICS 


Although some of minerals, unless crowded into aggregates, are 
microscopic in size, mo ind especially those of most pertinent economic 
interest are rather coarse grained and impose on the deposits a notably coarse 
granular texture The texture, however, is not uniformly coarse and may 
be more aptly described as variable but generally coarse with grains and 
crystals in me places ranging upward to several inches long 

The variable texture largely from the highly irregular and un 
systematic distribution of th inerals, particularly of such persistently and 
abundantly distributed mineral s the actinolite and calcite and, locally also, 
of the monazite and ilmenorutil In addition to their irregular bunchy or 
spotty distribution, the minerals also display considerable range in grain size 
individually and in aggregates. In some places the distribution of the minerals 


may suggest a rude zonal development with the silicates mainly at the borders 


and the carbonates and th her minerals toward the center; but within a 


few inches bunches or pods t] irbonates and the minerals that tend to 
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iccompany the carbor iy appear along one or both walls, with the 


silicates or remmnat silicates confined to the interior Actually, 


irregular bunches of the carbonates may occur anywhere within the deposit 
and spread irregularly into the enclosing silicated areas (Fig. 12 


upper Squaw | reek showing errati listributior 


the lighter colored 1 \ i t iottled 


outline 


haphazard distribution of the minerals is 
placement origin. The distributional pattern 
of the early silicz iggests rather uniform silicate development through the 
deposits. This pattern was then disrupted where the silicated bodies were 
irregularly permeated or iked by the ensuing fluids and thus irregularly 


1 


ind sporadically replaced by the successive groups of phosphates, carbonates, 


sulfates, oxides, and sulfides Hence, local erratic introduction and replace 


ment has been responsibl r the somewhat erratic appearance of the deposits 





Although not s g] dey ) he deposits do show nie regional 


riation in composition and mineral Such minerals as the actinolite 


i 
11 
it 


allanite, apatite, monazite, and are distributed through the entire 


mineral belt. whereas other mi are more limited in their distributior 
Among the latter are the mi ils containing titanium and columbium. The 


titanium minerals occur along the southeast half of the mineral belt and are 


represented by ilmenite, ilmenorutile, and rutile. These minerals are not 
known to be present in the Montana deposits (5, p.1580—-1581) In Idaho 
the columbium has entered into the rutile to form the ilmenorutile. This 
mineral occurs in the deposits from Indian Creek to Spring Creek and 
attains its greatest abundance in the deposits on upper Squaw Creek. It does 
not reach the southeast end of the belt nor is it present in the Montana 
deposits, where, because of the lack of titanium, the columbium was deposited 
as columbite (5, p. 1580 The rare earth carbonates increase in abundance 
toward the Montana line and are reported as important minerals in the 
Montana deposits (5, p. 1580 The biotite also shows some increase toward 
the State line, but the most notable regional variation in the mineralizatior 


is reflected in the distribution of the titanium and columbium 


ORIGIN OF THE DEPOSITS 
Previousl Prop sed Concepts 


The deposits are regarded by both Abbott (1, p. 8-9; 12-22) and Kaiser 
as replacements of thin lenses of crystalline limestone or marble in_ the 
metamorphosed Belt series n discussing their origin Abbott discounts the 
possibility that the mineralization may have any relation to magmatic processes 
and turns to metamorphic differentiation as the process that best accords witl 
field and laboratory observations. He proposes that during regional meta 
morphism migrating ions released | dissociation of original, rare-eart} 
hearing clastic grains in nearby argillaceous and arenaceous Belt sediments 
found a con patible eny ! 1 tor onstrt ion into monazite and 
minerals in the chemically fa, bl T atic limestones. He accounts 
the local, sporadic concentration le monazite in the deposits to nearness 
of the marble to pockets of t istic, rare-earth-bearing minerals or else 
channelizing of the migrating rare-earth ions along structural zones in 
metamorphic complex i intercepted beds of marble, where the m« 
extensive replacemet it tl irbonate rock took place (p 22 

Kaiser offers a somewhat modified version of the metamorphic differer 
tiation concept advan vy Abbott. He postulates that during metamorphisn 
solutions permeated the ro ind carried appreciable though small proportions 
of the rare elements, either introduced with the solutions from an unknow1 
source or taken up selectively from the rocks themselves, and that these 
elements were concentrated und favorable environmental conditions in 
volving a combi ion of ] or ind a certain structural setting wit! 


estricting the deposits t their present 
t ricting th ley t 
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(4, p. 249) to regard the deposits as more likely of metasomatic than of 


metamorphic origin and as veins similar to some to the north in Montana 


Discussion and Conclusions 

Inasmuch as the association and concentration of elements in these deposits 
are so much like those found in and characteristic of carbonatites (9, p. 1537 
1556), any origin other than through igneous agencies seems most improbable 
The local field and laboratory evidence indicates that these deposits were 
formed by highly mobile, carbonatic fluids charged with silicon, rare-earth 
constituents, phosphorus, calcium, barium, titanium, columbium, iron, and 
sulfur and that mineral formation proceeded in an orderly manner, controlled 
by declining temperatures and changing chemical composition As in the 
high-temperature hydrothermal deposits, the silicates were the first to form, 
presumably when the temperatures were highest; whereas the carbonates, 
oxides, and sulfides were the last to form, after temperatures had declined to 
more moderate levels. The sequence can be regarded as more or less 
typically hydrothermal, although the same mineral succession should be 
obtained in a carbonati agma containing like concentrations of the rarer 
elements 

Whether the carbonatic fluids were hot aqueous solutions or represented 
actual carbonatic magmas cannot be told. Recent experimental work on 
synthetic carbonatite magma by Wryllie and Tuttle (11) suggests that 
carbonatic magmas can exist at moderate temperatures through a wide range 
of pressure. From the characteristics of the mineralization, it may be inferred 
that the deposition was from a highly fluid medium, which favored relatively 
coarse grain growth, and that changing physical and chemical equilibria 
permitted reaction between earlier-formed minerals and the later permeating 
fluids, with replacement of earlier minerals by later ones. Similar phenomena 
should exist were the medium a highly fluid carbonatite magma \ carbonati 
magma, however, is not essential to the formation of the carbonatite-type of 
deposit Pecora (9, p. 15) has extended the carbonatite to include all 


carbonate-rich deposits formed from hot fluids, but has taken the position 


(p 154] that the term carbonatite should be restricted to those special 


carbonate-rich rocks in alkalic provinces that can be shown to be intrusive 
and to be former by precipitation from hot solutions of any temperature and 
concentration 

The local deposits possess all the attributes of the carbonatites, except 
the association of alkalic igneous rocks. No such intrusives have been recog 
nized in the vicinity of the deposits, but this lack of association with the 
alkalic rocks may be more apparent than real, for in Montana E. W. Heinrich 
(written communication) reports that the alkaline nature of the mineralization 
is hinted at by the presence of numerous barite veins, by a number of fluorite 
deposits, and by at least one small intrusion of syenitic and alkaline peridotiti 


rocks 
; ' 


Recent lead-alpha age determinations made on the monazite give the 


deposits an average age of 95 million years (6, p. 96), some 13 million years 
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lemon 


ind Gottschalk (9), and Gottschalk and Buehler (14) experimentally « 
strated that the rate of oxidation of sulfides increased when dissimilar ones 


were mixed, showing similar cathodic-anodic relationships as in the corrosiot 


! 1 


of metals Finding a close relationship between the electrode potentials a1 
the relative rates of oxidation of sulfide materials, they arranged the minerals 
according to their measured electrode potentials in a series analogous to the 
electrochemical series of metals, thus providing a link between the electrod 
potentials and the oxidation reactions of sulfide minerals \nother important 
advance was made by Wells (58, 59) who carried out an extensive study 
of the electrochemical behavior of sulfides with better experimental control 
than those of Gottschalk and Buehler He observed that the electrode poten 
tials of sulfide minerals, particularly those of polysulfides, were very similar 
to the oxidation potentials of the surrounding solutions. Since Well’s work 
a number of investigators made similar measurements but without any 
significant advance in the understanding of the nature of the sulfide electrodes 
lhese include Tammann (51), Trimpler (52), Suzuki (50), Piontelli (34 

Wada and Seki (55), Nakabayashi and Fujiwara (28, 29), Rechenberg (36 

Kaku (18, 19), and Bulah and Khan (10 \ few workers described the 
variation of the electrode potentials of sulfides with the varying pH of the 
solutions \ common characteristic of sulfide electrodes, almost invariably 
observed by these workers, is the poor reproducibility of their potentials 
Measurements in solutions containing only foreign ions are out of question, 
since they represent irreversible potentials. Even the potentials measured in 
solutions containing corresponding product ions have exhibited considerable 
drift with time. Sometimes the measurements had to be continued for weeks 
before the potentials reached steady values. For this reason many authors 


were obliged to give the potentials of sulfide electrodes as functions of time 
Unless the cause of the drifting is clearly understood, it is almost meaningless 
to assign a specific potential value to each sulfide electrode It was probably 
this fact that discouraged a serious effort to correlate the measured single 
electrode potentials with specific half-cell reactions of sulfides, even though 
the procedure has long been established with metal electrodes This 
procedure is simply to assume possible electrode reactions and calculate their 
‘xidation potentials using independent thermodynamic data The reaction 
whose calculated potential agrees best with the measured potential is regarded 
is the one actually taking place it the electrode Recntly, Noddack and 
Wrabetz (31), Noddack, Wrabetz, and Herbst (32), and Wrabetz (62) 
ventured to correlate the measured potentials of several sulfides with the 


corresponding electrode reactions. They found that the reaction 
MeS Me* Me metal), 


was operative in the case of PbS, MnS, and CoS, following the procedure 


described above Chis achievement constitutes another advance in the electr: 


chemical approach to the problem of the oxidation of sulfide minerals A sys 
, 1 


amental nature of sulfide electrodes with 


respect t oxidati nd reduction mechanisms, however, has remained 
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ilfide mineral electrode used in the single electrode 
surements 
Plots of the measured electrode potentials of chalcocite against the 
pH values of testing solutions 1) Cu,S CuS + Cut? + 2e, (2) CusS + 2HO 
CuS + Cu(OH), + 2H* + 2é 


Fic. 4 Plots of the measured elec trode poter tials against the logarithms of 


cupric ion activities for chalcocite 
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vould vary with time approaching that of the reference electrode This drift 


} 


of the electrode potential occurs because a sulfide can be either oxidized or reduced 
ind its electrode potential ts controlled by the activity ratio of the products of both 
reactions when in equilibrium with the solution This point will be discussed in a 
eparate paper covering the nature of the sulfide electrode pote tials 

Gases are introduced into the cell in different ways. Compressed air is passed 
through a column of ascarite to eliminate carbon dioxide. Compressed hydrogen 
ind hydrogen sulfide gases are fed from high-pressure cylinders through pressure 
regulators. Compressed nitrogen gas is supplied from a high-pressure cylinder 
through i pressure regulator columns of ascarite and calcium chloride. and a 
heated column of copper powder in an electric furnace, whose temperature is 
controlled at approximately 400° ( y a voltage regulator The copper powder 
eliminates trace oxygen in the nitrogs gas rhe outlet glass tube of the cell is 
connected to a gas-trap. Usually distilled water is placed in the trap to isolate 
the cell chamber from outside atmosphere and to maintain the gas pressure withi 
the cell slightly higher than 1 at: \ solution of a desired acid, base, or salt 

titrated into the cell from a burette which is set through a hole of the covet 
lhe small gaps between the plastic cover plate and the burette as well as all the 
electrodes and a thermometer are sealed with a hard wax layer on top of the plate 
which is remelted with a heated metal piece at the beginning of each experiment 

Experimental Procedur he amplifier-potentiometer, recorder, bias potenti 
ometer, and pH meter are calibrated and adjusted prior to each experiment \ 
testing solution with the desired chemical composition is prepared according to 
the purpose ot each ¢« in it 200 ce of the solution is placed in the cell 
container All necessary electrical connections are made and the electrical instru 
ments are set in order he magnetic stirrer is adjusted to give a proper stirring 
rate. The temperature of the solution is frequently checked during an experiment 
ind the temperature compensator of the pH meter is adjusted accordingly \ gas 
is bubbled through the solution at a suitable rate he oxidation of the solution 
is accomplished by bubbling air, and the reduction by hydrogen gas. When neither 


s bubbled through Both the pote tial of a sulfide test electrode anc 


potential of the solution are recordec he simultaneous observation of the two 


oxidation nor reduction is desired, either the inlet valve is closed or nitrogen gas 


the oxidation 


potentials is an important procedure for the following reason. The electrode 
potential of a sulfide mineral is presumably controlled by specific electrode re 
actions, through which the chemical bonds in the crystal structure are broken and 
the mineral components are partially or totally dissolved into the solution. Two 
different types of such potential-determining electrode reactions exist, namely 
oxidation and reduction reactio The electrode potential of a sulfide may be 
controlled by a reaction of eithe | it may be either an oxidation potential or 
a reduction potential. Unless the nature of a measured potential is known, ther« 
lore, any attempt to correlate the potential to a spect electrode reaction becomes 
meaningless The simultaneous observation of the electrode potential and the 
oxidation potential of tl ution makes it possible to identify which electrode 
potential of the sulfide is being 1 s1 | When a solution can oxidize a sulfide 
mineral, its oxidation | is more positive’ than the electrode potential of 
Oxidation i sulfide mineral by a solution involves transfer of 
| | l oxidizing ions which are colliding with 
the surt: of the tormet lany sult minerals conduct electricity If a sulficle 
electrode ] | col ad etalli electrode which is dipped 
in the san sO the col on of the ior ith the latter should also cause 
the oxidati ‘ tort t lec ms ul » transferred from the sulfide to 


current flows from the inert 
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iv be produced hov 


f ties of other components vary with varying 
pH as the result of hyd 


(4) he measured electrode potential values are plotted against the activities 
of each component found to be participating in the potential-determining electrode 
reaction, and also against pH values of solutior lhe potential value for unit 
activities of all participating chemical species and pH value of zero is extrapolated 
from these plotted data lr} potential is a standard electrode potential of the 
ulfide, provided the temperature is 25° C and pressure 1 atm 

(5) Possible oxidation or reduction reactions are considered for the sulfide 
and their standard oxidation potentials are calculated from thermodynamic data 
calculated stancard potentials are similar to the 
experimental standard electrode potentials are selected for further consideration 


ong these reactions with respect to the plausi 


potential dependency on ionic activities and pH 

values, number of electrons involved 

tested sulfide 
lhe above procedure has to be f 

reactions with each 


Chose reactions for which the 


(6) Final selection is made 


bility of the assumed mechani 


and other known chemical properties of the 


’ 


followed for both oxidation and reduction 
sulfide, although the reduction may not necessarily take place 


in aqueous solution 


NTAL RESULTS 
bper Sulfides 


the oxidation mechanist r copper sulfides indicated by the electrocdk 
potential method is in agreement with the 
(46, 47, 49), who in h ud 


sulfate solution stated 


conclusion reached by Sullivan 
of leaching copper minerals with ferric 


lation of chalcocite Cu,S proceeded in two 


steps 


The second reaction was als und to be true with covellite According t 


the above mechanism, the oxidation electrode potentials of copper sulfice 
are dependent only upon the activity 
products are solid. Their 


solution In basic solutiotr 


of cupric ion, since the other oxidation 
are also independent of pH in acid 


tals become dependent ol pH, since the 
activity of cupric ion decreases exponentially with increasing pH due t 
hydrolysis 

Chalecocit electrode potentials of chalcocite in 10°* molal 
ind 10°* molal solutio uSO, are plotted against pH values of the 
solutions in Figure 3 halcocite crystals used for the electrode cam« 
from Superior, Arizon values of the solutions were adjusted by 


g dilute HCl lu smaller th: 5) or KOH solution (pH 


greater than 5 he tw tal solid lines on the diagram represent 
calculated potential values f I xidation reaction of chalcocite in acid 


solution 


0.530 + 0.0295 log(Cu** 


corresponding and 10°, respectively In this 
paper, rounded species, and square brackets 





be made to an earlie paper by Sato 
xidation p lals or equilibrium pH values 
ermodynamic data ie values of free energy of formation used for 
ulations are from Latimer (24), unless otherwise noted. In 
lution pri uctivity becomes a function of pH, due to the 


OH It is given by the following equation 


+ PHO (OH d . log (Cu* 9 20 2pH 
Substituting the vali © cupric ion activity in the first equation, we get 
Eh 0.80? 0.0591 pH 


Vhe ibove proced ire S essenti illy equal to idding the two « he mical equa 


tions first and calculating the oxidation potential for the over-all reaction 


Cu.S + 2H.O CuS + Cu(OH 2H* 


eh 0.802 0.0591 pH 4) 


\n inclined solid line on tl lagram represents this potential Che observed 


potentials are generally er than expected. Possible reasons for the dis 
crepancies are: (1 lect of the activity coefficients for cupric ion 
the formation of dis is an oxidation product instead of CuS, and 

f sulfide ion in solution produced by dissocia 


» discussed below The third case, whicl 


he ippre priately called a “‘1 ced electrode potential” effect in the sense 


7 


that the electrode potential is affe by lation and reduction ele 
trode reactions, is characteristic to sulfide electrodes \ detailed discussion 
f this effect is, however, outside the scope of the present paper ; 


published in a separate paper elsewhere It may be noted here that the ordet 
of magnitude of this effect is not so large as to affect the conclusions reached 


in this paper. The effect of the variation of the activities of cupric ion and 


sulfate ion in acid solution was studied separately Figure 4 shows the varia 

tion of the electrode potential with varying cupric ion activity at a pH value 

of approximately 2, while the sulfate ion concentration was fixed at 10°? molal 

The vity coeffici s for cupric 1 rious concentrations are calculated 
Hiickel limiting law for a meats 


lvte in aqueous solution 


0.509 2.2 Vv] 





1214 ITOAKI 


electrolyte, and I the ionic strength of the solution The ionic strength of 


i solution is defined b 


The summation is carried out over all the ionic species in the solution, with 
molalities m,, and charges upric ion activity is approximated from its 
molality times calculated mean activity coefficient for its salt. In case two 
different salts, e.g., cupric loride and cupric sulfate, are present in about 
equal amount, a weighted average of the z_ values for the two anions is used 
for the calculation When either one of the salts is predominant, the effect 
of the other neglected lhe slope of the plot of the electrode potential vs 
logarithm of cupric ion act y agrees with the calculated value for the 
reaction (30 mv for log(Cu 1), when the potential value for 10-* molal 
cupric ion solution is excluded. The abnormally high potential value for this 


small concentration is probably due to higher cupric ion concentration at the 
electrode surface. The extrapolation of the potential values to unit activity 
of cupric ion gives a potential of approximately 0.505 volt as compared with 
the calculated standard potential of 0.530 volt. A 10°? molal solution of 


cupric chloride gave essentially the same electrode potential as a 10°? molal 


solution of cupric sulfate. This implies that sulfate ion does not participate 


in the potential-determining electrode reaction 
It is possible that chalcocite oxidizes first to digenite Cu,S, instead of CuS, 
the observed oxidation electrode potential of chalcocite corresponds not 


iction (1) but to following reaction 


u 
digenite thus formed is successively oxidized to CuS as 
5CuS + 4Cutr 


The difference of 0.02 volt between the observed value and the value calcu- 
lated from equation (1) for the standard oxidation potential of chalcocite 
may be ascribed to the difference in the reaction mechanism. At present, 
however, no reliable value of free energy of formation is available for digenite, 
and the examination of this possibility is left for future work. 

Covellit Large crystals of covellite CuS, probably of hypogene origin, 
were used for the testing electrodes. The locality of its occurrence is un 
known \ small number of chalcocite inclusions in the crystals were care 
fully etched with an acidified 5 H.O, solution. The electrode surface was 
then repolished. Complete elimination of chalcocite from the electrode sur 
face is extremely important, since chalcocite in contact with covellite in a 
cupric solution establishes the potential corresponding to reaction (1). The 
measured electrode potentials of covellite in 10°? molal and 10°* molal solutions 
of CuSO, are plotted against pH values of solutions in Figure 5. A dilute 
solution of either HCl or KOH was added to adjust the pH values of the 
solutions as in the case oi alcocite. The two horizontal solid lines on the 
liagram represent calculate: otenti for the reaction: 


0.591 + 0.0295 log(Cu 





electro [» ‘ vellite against the pH 


1) CuS u* 2 CuS + 2H&) 
Cu + = 2( 1 , (4) Cu,S + HS 
H.S 2 


ired electrode potentials against the logarithn 
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corresponding to cupric ion activities of 10°* and 10°, respectively. A good 
agreement of the measured values with the calculated values was observed in 
acid solutions \ssuming the same mechanism, the potential becomes a 


function of pH in basic solution, as given by 


CuS + 2H Cu(OH 


Eh = 0.862 — 0.0591 pH 6 


\n inclined solid line at the upper right portion of Figure 5 represents this 
potential. As in the case of chalcocite, the second equation may be under 
stood as an over-all expression of the effect of hydrolysis of cupric ion, and 
of the subsequent decrease in cupric ion activity, upon the electrode potential 
of covellite. Cu(OH), is not one of the direct oxidation products, nor the 
only hydrolysis product of cupric ion. In basic solutions, rather large devia 
tions of the observed values from the predicted values exist, the former being 
higher than the latter. This is probably because of a slow attainment of 
equilibrium between cupric ion and hydroxyl ion. Consequently, the cupric 
ion activity remains higher than the equilibrium value for a given pH, re 
sulting in a higher electrode potential of covellite. The reason why this 
phenomenon is more conspicuous with covellite than with chalcocite is un 
known. When the pH value becomes as high as 12, bluish white colloidal 
suspension changes to grey cupric oxide at an appreciable rate, and the 
observed potential values again closely agree with the calculated ones 


The electrode potential of covellite was found to be independent of sulfate 


ion activity, as in the case of chalcocite. It was found to satisfy the Nernst 
relationship with respect to the cupric ion activity in solution. Solutions 
with various concentrations of cupric sulfate were used for this study. They 
were all acidified with 5 x 10° molal concentration of HCI to avoid hydrolysis 
of cupric ion. ‘Their pH values ranged from 2.20 to 2.65 A slight variation 
in pH is immaterial in this case, since the electrode potential of covellite is 
independent of pH in acid sodution. The activity values for cupric ion at 
various concentration were calculated through the procedure already described 
for chalcocite. The observed potential values are plotted against calculated 
cupric ion activity on a potential-activity diagram in Figure 6. The slope of 
the line connecting the plotted values agrees with the calculated slope, being 
0.030 volt per unit increment of log(Cu \s in the case of chalcocite, a 
considerable deviation from the linear relationship is observed when cupri 
ion concentration is as small as 10°° molal. This is probably due to a higher 
concentration of cupric ion at the electrode surface. The extrapolation of 
the potential to unit activity of cupric ion yields a value of 0.567 volt as 
compared with the calculated standard potential of 0.591 volt. This amount 
of discrepancy is not so serious as to affect the over-all agreement between 
the experimental results and the theoretical predictions based on reaction 
(5). Sullivan (49) observed that covellite left a sulfur skeleton of original 
mineral grains when treated with ferric sulfate. It is concluded, therefore 


that the first-step oxidation mechanism for covellite is the liberation of copper 
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iS cupric ion into the surrounding solution, leaving elementary sulfur behind, 


as already suggested by Sullivan 

Another series of measurements was carried out to establish the reduction 
mechanism of covellite by the electrode potential method. Prior to the 
measurements, covellite electrodes were electrolytically reduced in a dilute 
solution of sodium sulfide for a few minutes, to remove the oxidation film 


Solutions initially containing 10°? molal concentration of 


from the surface 
of KOH were used as the testing 


Na.S and 2 X 10? molal concentration 
Their pH values were adjusted by adding a small amount of 
_ 


1 
solutions 
sulfide evolves hydrogen sulfide 


1 N HCI solution. In acid solution, sodiun 
gas In the present experiment, the cell c 
so that the total 


in solution remained unchanged for the series of measurements The 
of the 


potentials are plotted against the pH values 
indicates that the reduction of covellite 


mtainer was kept closed during 


and after addition of HCl, amount of (S + HS- + H.S 


measured electrode 


solutions in Figure 5. The result 
involves the formation of a copper sulfide with a higher ratio of copper t 
sulfur and liberation of a part of the sulfur as S-~ ion. Whether the product 


copper sulfide is Cu,S or Cu,S, is not distinguishable potential-wise. Since 
accurate thermodynamic data are not available for the latter, Cu.S is taken 
as the reduction product of covellite until a definite proof is obtained for the 
solution, S°~ ion is stable and the 


f pH value of the solution, 


formation of digenite. In strongly basi 


reduction potential of covellite is independent « 
as given by 


CuS +58 uS 4 Eh 0.540 0.0295 log(S 


In neutral to weekly basic solution is unstable and combines with 


hvdrogen ion to form HS™ ior 
2 + He HiS log(S ; 14.00 


The potential for covellite reduction is given by the following over-all 


equation 


0.126 0.0295 pH 0.0295 low( HS 


In acid solution, ombines with another hydrogen ion to form 


hvdrogen sulfide 


HS- + H HS, log (HS log(H.S) + pH 7 10 


The tivity ol hvdroget sulfide in solution is rel ited to the parti il pressure 
i we 


of hvdrogen sulfide gas 


HS) aa 0.102 Py 11 


From the above relationships, the potential for covellite reduction in 
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solution is given by the following over-all equation 


+ HLS 2CuS + 2H? 2e, 


Eh 0.081 0.0591 pH 0.0295 log(H.S 


or in terms of the partial pressure of hydrogen sulfide 
Eh 0.111 0.0591 pH 0.0295 logPu,s (12 


Che three solid lines at the lower portion of Figure 5 represent the calculated 
potential values against pH for the activity value of 10°* of S~-, HS-, or 
H.S, depending on the range of pH Although no measurement was made 
in strongly basic solution, the agreement between the measured potentials and 
the calculated ones is remarkably good. Slightly higher values for the 
measured potentials compared to those calculated are probably because of the 


neglect of the activity coefficients for the three sulfide ion species 


/ l Sulfide 


valena from the Blackstone mine, near Shullsburg, 


Wisconsin, w: for the electrodes Lead acetate solutions of 10 and 


; 


10 * molal concentrations were used as the testing solutions \ dilute solu 


tion of either HNO. or KOH was added to adjust the pH values of the 
solutions. The measured electrode potentials of galena are plotted against 
The horizontal line in the figure 


the pH values of the solutions in Figure 
| 


represents the standard oxidation potential for the reaction 
PbS Pb $+ 2e Eh 0.354 + 0.0295 loge( Pb* (13) 


| solution The oxidation potential for the reaction in neutral to 
i 


moderately basic solution c: | calculated from the following over-all 


; lid 
equation : ! ie ) ! sulfides 


PbS + 2H.O Pb(OH). + S + 2H? 4 


Eh = 0.765 — 0.0591 pH. 14 


his potential is represented by the inclined solid line at the upper right 
| | 


portion of the diagram Although the measured potential values are slightly 
a 
leul 


higher than the ca 


ited values, the over-all agreement between the tw 


indicates that galena is oxidized to plumbous ion and elementary sulfur in 
the first step of its oxidation reactions. This conclusion agrees with the 


one reached by Noddack, Wrabetz, and Herbst (32) in their study of 


electrode potentials of sulfides Che fact that the observed potential values 


are higher than the calculated lues could be due to a more negative value 


of the free energy of formation of galena than the one given by Latimer (24 
for PbS \lternatively, the sulfur produced may not be the stable rhombi 


form, accounting for the higher observed potential values. Further study 


the points may he 
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In acid and oxidizing environment, galena is often replaced by anglesite 
PbSO,. It is of interest to find out the effect of the sulfate ion concentration 
upon the oxidation potential 


} 
, 


galena. The data for the measurements o 
he electrode pote tial of 


galena in solutions containing various concentrations 
sulfate ion are listed in Table 1. Measured amounts of Na.S¢ ), were 


TABLE 1 
IAL MEASUREMENT Data For GALENA ELEectRops 
wlal Pb(CH,COO 10°? molal CH.COOH 


lal solution of lead acetate 


solution as white lead sulfate, when the activity 


ceeds the solubility product of lead sulfate The 
kept stirred for at least 
measurement. The effect of the 


solution was, therefore. 


sulfate ion 
ot galena was found to be the lowering of the 
wtential, by decreasing the plumbous ion activity with the 


soluble lead ulfa \t the pH and the 
easurements (pH 5.07 


formation of dif 
temperature ranges of the 


the lead sulfate dissociates as 


1.3 * 10°" 15 


sociation ne activities ot 

lutions 1 be calculated. Division of the above 
lfate ion activity yields the equilibrium plumbous 
on activitie stimated from the activity co 
centrations of N ) tabulated by Latimer (24 
tential values a g ilena are plotted against 


if pt 


mnecting the plotted values is 
unit increment of log( Pb 


j ompared witl 
volt assuming the Nernst It 
that le presence 

i soluble, di oxidation product of the sulfide 


, ' , 
easurements w 11}: witt vaienia in solutpons 


entration of s sulfide The easured elec 


tted 


ie 
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served potential values do not agree with the calculated values, if the following 


reaction mechanism is assumed 
PbS + 2 Pb+5S 


Chey showed a consistent variation with varying pH, becoming increasingly 


more positive with decreasing pH, until a pH value of about 3 was reached, 
where the electrode potential started drifting rapidly to the negative direction 
with increasing acidity. The reason for this peculiar behavior of the galena 
is not fully understood 


9 


Fic. & Plots of the electrode potential values of galena measured in solutions 
with various activities of sulfate ion, which determine the equilibrium activity 


values of plumbous ion by forming lead sulfate precipitate 


Fic. 9 Plots of the measured electrode potentials of argentite against the 


f testing solution \g g* + ¢ (for comparison 2) 2Ag 


\g.0 + 2H or comparison 3) 2Ag + H.S \g.S + H* 


+ é 


Sulfide 


Large crystals of arg from Cobalt, Ontario were used for the 
electrodes The resul f tl le ule potential measurements with argentite 
n solutions ntaining sulfid ‘ pecies (S HS and H.'s indicate that 
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is reduced according to the following electrode reaction ( value 


is taken as 136 kcal/mole 
Eh 0.682 0.0295 log(S 16 


In weakly basic solutior , the potential for this electrode reaction mechanism 


is given by the followu y overt all equation 
2Ag + 
Kh 0.268 — 0.0591 pH — 0.0295 log(HS 
In ac id solution, it is given by 


2Ag + HS AgeS + 2H* + 2e, 


Eh 0.061 — 0.0591 pH 0.0295 log(H.S 


or in terms of the partial pressure of hydrogen sulfice 


Eh 0.032 — 0.0591 pH — 0.0295 logP 4, 18 


1 


Solutions containing 10°? molal Na.S and 10°* molal KOH were used as the 


testing solutions. 1 N 


values of the solutions. The data for the measurements are listed in Table 12 


lution of formic acid was added to adjust the pH 


The measured potential values are plotted against pH in Figure 9. The two 
solid lines in the lower portion of the figure represent the potentials calculated 
from the equations (17) and (18’), for the 10°* molal concentration of HS 
and H,S, respectively Hydrogen gas was kept bubbling slowly at a pressure 
of 1 atm. during the measurements. In this condition, equation (18’) must 
be applied instead of equation (18) for acid solutions Although no measure 


ment was made in strongly basic solutions, the agreement between the ob 
served values and the calculated values is satisfactory, hence it may le 
concluded that the reduction of argentite proceeds through the electrode 
reaction (16 The result indicates that argentite can be actively reduced t 


silver and sulfide ion species in basic solution. Incidental 


ly, the above ele« 
trode potentials of argentite in sulfide ion solutions are essentially the same 
as those of the well-known Ag/Ag,S electrode in similar solutions, althoug! 
no silver metal was present as a distinct solid phase 

The measurements of the electrode potential values for argentite in Ag 
ion solutions were made only in acid conditions. The measured electrode 
potentials of argentite in solutions containing 10°° molal concentration of 
\gNO, are plotted against the pH values of the solutions in Figure 9. They 
are found be independent of pH in acid solution. This fact leaves only 


considered for the electrode reaction 


1.002 + 0.0591 log(Ag’* 19 
20 


; 


The observed values do not agree with the calculated values for the first 


assumed reactior average of the five measured potentials is 0.643 volt 
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for 10° molal concentration of Ag’ ion. When the activity coefficient is 
neglected, the standard electrode potential for the oxidation of Ag,S is given 
approximately as U 82 volt This value is very close to the standard electrode 
potential of silver metal 


\g \g , Eh 0.799 + 0.0591 log(Ag* (21 


rhe horizontal solid line in Figure 9 represents the potential for reaction (21), 
corresponding to the activity value of 10° for the Ag* ion. The apparent 
similarity of the potential values may lead to an argument that reaction (21 

is operative at the silver sulfide electrode without involving sulfur, owing 
to the free migration of silver atoms within the sulfide crystal. Rather 
prominent mobility of silver atoms in Ag,S crystals has been reported by 
Wagner (56). The effect of sulfur on the electrode potential of Ag,S, how 

ever, was observed by Noddack and Wrabetz (31) who reported that, when 
the sulfur content of the sulfide was increased above the stoichiometric value, 
the potential increased for as much as 50 millivolts from the value for Ag,S 


of stoichiometric composition. Reaction (20) is, therefore, most likely to be 


operative at the argentite electrode. There is no direct way to examine the 
validity of this assumed reaction by the potential method, since the value of 
the free energy of formation for AgS is not available. The similarity of this 
mechanism to that of chalcocite may be noted Although the occurrence of 
\gS in nature is unknown, Laist (23) reports that it has been artificially 
prepared by treating a benzonitrile solution of silver nitrate with sulfur dis- 
solved in carbon disulfide. The similarity of the potential for the oxidation 
reaction of Ag,S to that of silver is probably due to the similarity of the 
values of the free energy of formation between Ag,S and AgS. If the 
standard oxidation potential for reaction (20) is taken as 0.82 volt, the free 
energy of formation of AgS can be calculated. It becomes -8.89 Keal per 
mole, when those of Ag.S and Ag* ion are taken as —9.36 Kcal and +18.43 
Keal per mole, respectively. If the mechanism of oxidation for AgS is 
assumed to be similar to that for CuS, the oxidation potential for AgS is 
given by the following equation 


\oS Ag? > , Eh = 1.182 + 0.0591 log(Ag* (22 


It is possible that the well-known deficiency of silver in argentite from its 


stoichiometric composition is due to the partial oxidation of the sulfide, 


resulting in the so-called “defect structure.” The similarity of the values of 
the free energy of formation for the two silver sulfides may allow the silver 
atoms to migrate freely through the interstices of the sulfur atoms, making 
the separation of the two sulfides impossible 


Iron Sulfides 


[he interpretation of the results of the potential measurements for sulfides 
of iron was found to be the most difficult to make among the various sulfide 
minerals studied. Considerable difficulty was encountered in controlling the 
oxidation potential and the pH values of iron solutions independently in 
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of hvdroxides of trot 


hydroxide ¢ r the ele« 


reproducibl 


pyrite fre were used for 
lues or the 


10°* mx concentration of FeSO, 
ns conta nolal FeSO, plus 10°* molal Na,SO, are plotted 

igainst pH values lutions in Figure 10 Che 
+h, 


i} 


mxidation electrode potential 


incl thi 


results seen to indicate 
of pyrite is independent of pH, when the pH 
lues are smaller tl In omes a linear 


tion of pH, witl ipproximately corresponding to 0.059 

rhis is probably because the decrease in the tonic iron 
formation of ferric hydroxide Phe 
pyrite which gives 


it the oxidation 
more basic solutions, it bec 


volt per 
activities 
assumed oxidation reaction 
losest fit to the observed potential values in 
lutions of tonic ir 


llowing one 
57 + 0.0295 low( ke 
pyrite, which 


vy Kelley (20 


ir in tl 


in this 


itimer’ 
\¢ abe ve 
mri ular orn Its 


is given by and $5 
equation the 


is not 1 


standard free energy 


taken as 


solutior 


uch pressure 
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Fe(OH 


0.857 24 
he upper righ 10 represents this 
etween the calculated and observed potential 
e consider the uncertainty of the energy content 
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al structi 


In the 
“¢ together lorming . Fe 
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An attempt to establish the reduction mechanism for pyrite has been 
unsuccessful. The reduction potential measurements were made in solutions 
of three types. The first type initially contained 10°? molal concentration of 
Na,S and no iron, the second and the third ones contained 10°* molal and 
10°* molal concentrations of FeCl,, respectively, in addition to 10°? molal 


Fig. 10 Plots of the measured electrode yttentials of pyrite against the pH 
' ~ 
values of testing solutions 1) FeS. = Fet* +S 1 atm.) + 2e, (2) FeS 


+ 3HO Fe(OH); + S. (1 atn + 3H* + 3e 
Fic. 11 Plots of the measured electrode potentials of pyrrhotite and those of 
artificial ferrous sulfide against the pH values of testing solutions 1) 3FeS 
Fet*+ + Fe.S, + 2e, (2) 3FeS + 2H,O = Fe(OH): + FeS; + 2H* + 2 


Na,S. A dilute HCl solution was used to acidify the solutions. The 
measured potential values are all similar for a given pH, regardless of the 
concentration of ferrous ion. They are plotted against pH values in Figure 
10. The slope of the potential against pH appears to be approximately 0.06 
volt per unit pH in acid solution, and 0.03 volt per unit pH in basic solution 
Matsubara and Takubo (26) reported that pyrite evolved H,S in dilute 
solution of H,SO,, when an external electromotive force was applied. These 


1 


observed facts would fit to a reduction mechanism for pyrite involving the 
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liberation of sulfide ion and the formation of a solid iron sulfide The ob 
served potential values, however, do not agree with the calculated values for 
any of the three assumed reaction mechanisms, respectively involving Fe, FeS 
and Fe,S,. It is likely that an iron sulfide with a higher S to Fe ratio is 
involved in the reaction. Further study is required to determine the reduction 
mechanism for pyrite 


Pyrrhotite Che investigation of pyrrhotite was not completed \ 
massive aggregate of pyrrhotite crystals from Hybla, Ontario, was used for 
the electrodes The potential measurements were made in 10°* molal and 
10° molal solutions of FeSO, with HCl or KOH being added as the pH 
adjustant. The measured potential values are plotted against pH values of 


the solutions in Figure 11. Reproducible results are difficult to obtain in acid 
solutions, since pyrrhotite readily produces both hydrogen sulfide and ferrous 
ion by the action of acids. In basic solution, the formation of iron hydroxides 
makes the control of the experimental conditions difficult. It is not possible 
to interpret the results of the measurements, as the value of the free energ\ 
f formation of pyrrhotite is not available. The low values of the electrode 
potential of pyrrhotite in ferrous ion solutions, however, confirm the known 
fact that pyrrhotite oxidizes much more readily than pyrite 

Ferrous Sulfide \rtificially prepared ferrous sulfide crystals were used 
as electrodes. The measured electrode potentials in 10° molal solutions of 
FeSO, are plotted against pH values of the solutions in Figure 11. In acid 
solution, reliable potential values were not obtainable because of the active 
dissociation of ferrous sulfide with evolution of hydrogen sulfide. The ob 
served potential values appear to be independent of pH in neutral to weakly 
acid solutions, and to be dependent on pH in basic solutions. This fact is 
indicative of an oxidation mechanism which involves the liberation of ferrous 
ion and the formation of either sulfur or an iron sulfide with a higher S to Fe 
ratio. The observed potential values do not agree with assumed reactions 
involving either sulfur or pyrite. A reaction mechanism involving Fe,S 


3FeS Fet++ + Fe.S; + 2e, Eh - 0.202 + 0.0295 log(Fe** 
whose potential in basic solution is given by the following over-all equation 


3FeS + 2H.O = Fe(OH), + Fe.S; + 2H’ 


Eh = 0.190 — 0.0591 pH (26 


appears to give a better fit, but the agreement between the calculated and 
the observed potentials is only fair. In Figure 11, the horizontal solid line 
represents the potential for reaction (25) calculated for ferrous ion activity 
of 10°*, and the inclined solid line the potential for reaction (26). A reaction 
mechanism involving smythite Fe,S, could give a satisfactory agreement be 
tween the observed and calculated potential values, if its free energy of 
formation becomes available 

It is improbable that ferrous sulfide is reduced to elementary iron and 
sulfide ion species in aqueous solution, since metallic iron is not stable in 
water 
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Varcasite Several potential measurements were made for marcasite 
rhe data for the measurements in acidified 10 * molal solutions of FeSO, 
are listed in Table 2. No measurements were made in basic solutions Phe 


results indicate that the oxidation potential for marcasite is independent of 


pH in acid solution. The measured potential values are slightly more nega 


tive than those for pyrite rhis is expected from the higher energy content 
TABLE 2 


LATA } 


; 


of marcasite in comparison wi yrite. The comparison with calculated 
potential values has not been made, as no value of the free energy of forma 
tion of marcasite is availabl oxidation mechanism for marcasite is 
probably similar to th it since the two sulfides have very similar 


crystal structures 
ne Sulfide 

S phalerite Repeated attempts to measure the electrode potential of 
amber-colored sphalerite from Santander, Spain, were unsuccessful, because 
of the very poor electric conductivity of the sulfide. The iron-rich variety, 
marmatite, from Wanlockhead, England, was also tried in vain Ine ele 
trode showed a definite potential value, but soon it was found that the 
potential was produced by the contact of the solution with the mercury drop 
placed within the plastic mold of the electrode through a minute fracture of 
the sphalerite crystal The I ode p tential values for sphalerite have been 
reported by other workers he present author doubts the validity of their 
results. Sphalerite is, in fact, a good insulator of electricity A different 
method to establish the lation mechanism for zinc sulfide was tried he 
principle of the approach is as follows. If ZnS is to be oxidized according 


I 


to the reaction 


ZnS ppt Zn? ; é kh 0.174 + 0.0295 log(Zn* 
the oxidation potential of a solution containing both zinc ion and zinc sulfi 
should approach the potential calculated for the activity of the zinc ion in 
solution from the above ation, as equilibrium condition is approache 
This method is applicable inc sulfide, since the above assumed reactiot 
S| 
i 


as such a low potential » allow elementary sulfur to exist in solutior 





being acti oxidized. In basic solution, the oxidation potential 


ibove reaction mechanism ts given by the following over-all equation 
ZnS (ppt + JHO Zn(OH +S + 2H 


me) 


Eh 0.520 — 0.0591 pH 


he following experiment was carried out 4 2x 10% molal solution of 
ZnSO, was placed in the cell container. Nitrogen gas was constantly bubbled 
through the solution during the experiment. When the solution was de 

Na.S solution was added in such an amount that one-half of the 

iS precipitated as zinc sulfide. After the addition of Na,S, either 
KOH or HCl was added to the solution to adjust the pH value. Then the 
mixture was kept stirred until the system reached equilibrium. The measured 


oxidation potential values of the solution at equilibrium are listed in Table 3, 


TABLE 3 


UES For Zns-Zn H.O System 


0.166 O.115 
0.153 0.115 
0.076 0.118 
0.042 0.072 
0.038 0.058 


ith the pH and the calculated oxidation potential values for the 
reaction mechanisms Although accumulation of more data is 
he agreement between the measured and the calculated potential 
ilues appears » good. The oxidation mechanism for sphalerite is 
1 to be similar to that for ZnS precipitate. It is tentatively concluded 
therefore, that sphalerite oxidizes through the following reaction mechanism 


ssumec 


ZnS sphalerite Zn t Le, Eh 0.265 + 0.0295 log (Zn** 


LSIONS 
examination of tl lectrode potentials of chalcocite and covellite, 
xidation mechanisms had been studied by Sullivan (49), indicated 
electrode potential of a sulfide mineral in an oxidizing solution 
ontrolled by the first step of its consecutive oxidation reactions In this 
step, the chemical bonds in the crystal structure are broken upon the loss of 


electrons, followed by rearrangement of the electron configuration of the 


onstituent atoms. A similar relationship was also found to exist between 


the electrode potential of a sulfide al in a reducing solution and the 
reduction mechanisn 


Based on the understandis f the above electrode behavior of sulfide 


an electrochemical hod has been developed for the identification 


le electrode potential 


Oo 
ea 


tions hb 
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of a sulfide mineral is measured in solutions containing its assumed oxidation 
or reduction product ions. Various combination of these product ions must 
be tried to find the ones which directly affect the electrode potential; the 
potential-controlling reactions involve these ions. Possible electrode reactions 
are assumed, and their potentials are calculated thermodynamically for com- 
parison with the measured potential values. Unless an objectionable evidence 
exists, the first-step reaction for the mineral may be identified as the assumed 
reaction which fits best with the observational data with respect to the ele« 
trode sign, magnitude, pH dependency, and variation with varying activities 
of the chemical species involved 

Sulfides of copper, lead, silver, iron, and zinc were studied. The results 
indicate that the direct oxidation of a simple sulfide mineral at low tempera 
tures is a process in which the metal atoms move into the surrounding solution 
to become aqueous cations, accompanied by a step-wise decrease in the metal 


to sulfur ratio of the remaining solid phase. When sulfur is finally left over, 


it undergoes a series of reactions to be oxidized to sulfate ion. In case of 
reduction, sulfur atoms move into the solution to become aqueous sulfide 
ion, with a step-wise increase in the metal to sulfur ratio of the remaining 
solid phase. The final reduction products of a sulfide mineral are presumably 
sulfide ion plus native metal rhe reduction reactions usually do not proceed 
to this extent in aqueous solution, however, because water will be reduced to 
hydrogen gas before most of sulfide minerals are reduced to their respective 
metals. The formal charges for the metals in sulfides increase step-wise upon 
oxidation, and decrease similarly upon reduction. The path of the step-wise 
oxidation is not necessarily the same as that of reduction for a metal-sulfur 
system 

The probable oxidation steps for the metal-sulfur systems involving the 
sulfide minerals studied are as follows 


1. Cu-S System: (2Cu +5 » (CuS) — }(CugSs + Cutt)? 
(CuS + Cutt) — 

2. Pb-S System: (Pb - (PbS) — (Pbt* + S); 

3. Ag-S System: (Pb +S - (AgS) — (AgS + Agt*) 

4. Zn-S System: (Zn » (ZnS) — (Zn** + S); 


5. Fe-S System: (Fe . . “e,_S,)? — (Fet*? +S 


<2 <8 


In the presence of free oxygen, sulfur thus produced is not stable; it will 
be oxidized to sulfate ion through various stages of oxidation. Solid sulfur 
is not produced in the case of disulfides of iron, namely pyrite and marcasite, 
but instead S, molecules appear to be released into the solution simultaneously 
with ferrous ions. Such S, molecules are extremely unstable at room 
temperatures, and will instantly be oxidized to sulfur species of higher 
oxidation states 





OXIDATION OF SULFIDE ORE BODIES 


ACK NOWLEDGMENTS 


Che experimental work presented in this paper was carried out at the 
University of Minnesota as an integral part of a research project on the 
origin of self-potentials under the supervision of Professor H. M. Mooney, 
Department of Geophysics, University of Minnesota. The project was spon 
sored by the Division of Raw Materials, U. S. Atomic Energy Commission, 
as contract AT (05-1)-719. The author is deeply indebted to Professor G 
M. Schwartz for his advisorship throughout the author’s study at the Uni 
versity. The author’s gratitude for very helpful suggestions and critical 
comments is due to Professor R. M. Garrels, Department of Geology, Harvard 
University, and to Professor Z. Z. Hugus, Department of Inorganic Chemistry, 
University of Minnesota. The present manuscript has been prepared under 
the auspices of the Committee on Experimental Geology and Geophysics and 
the Division of Geological Sciences, Harvard University. 

LABORATORY OF MINING GEOLOGY 

HARVARD UNIVERSITY, 
CAMBRIDGE, Mass 


December 16, i959 


p. 528 4 
’ 


rite: Econ. Geot 


sikal Chen 


sphalerite and 


Econ. Grotr 





(,FOI 
} 


‘aka 


tior I 


mva 


195 


potent 


Nishihara 








\ NEW GEOCHEMICAL METHOD FOR THE DETERMINATION 
OF MOLYBDENUM IN SOIL AND ROCK 


| KENT PERRY 


BSTRACT 


\ new geochemical method for the determination of molybdenum in 
soil and rock is given lungsten, chemically similar to molybdenum, does 
not react with the colorimetric reagent lhe method can be used without 
modification for determining a much wider range of molybdenum than 
the commonly used thiocyanate method : 

he method is based on carbonate-nitrate fusion of the sample and 
subsequent aqueous leaching, which remove elements that form insoluble 
hydroxides. \ further separation of molybdenum from interfering 
elements is effected by solvent extraction with amyl acetate, followed by 
aqueous stripping. A colored complex molybdenum exanthate compound 
is formed by the addition of potassium ethyl xanthate, extracted into 
benzene, and compared with standards. Approximately 30 determinations 
can be made per man day The test can be used in a field camp with 
the use of portable heat sources 

Radiochemical tracer techniques show that 45 percent of the molyb 
denum present in the sample aliquot is recovered as colored complex 
rhis loss, however, is partially or wholly compensated for since standards 
are subjected to the same procedure. Standard deviation for the method 
was found to be = 6.3 percent error 

lhe greatest error is caused by incomplete and inconsistent decomposi 
tion of silicate materials in the sample This error appears to be of the 
same order of magniture for both the thiocyanate method and the new 
xanthate method preset ted in this paper 


INTRODUCTION 


\ NEW geochemical method for the determination of trace amounts 

molybdenum in soil and rocks is given in the following procedure. It 1s 

suggested that the method be used in preference to the thiocyanate method 
Y) 


1 
(4, under certain conditions. The colorimetric reagent used in the new 


method does not react with tungsten and so the method is ideal when the 
element is present. Furthermore, the method can be used without modi 
fication to determine as much as 800 parts per million of molybdenum, and 
larger amounts can easily be determined with slight modifications in the 
procedure 

[The method is not as satisfactory as the thiocyanate method for amounts 
of molybdenum less than 5 parts per million. However, Rankama and 
Sahama (7) list the average molybdenum content of igneous rocks as 2.5 
to 15 parts per million. Molybdenum content of rocks in anomalous areas 
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should be 1 1 higher st within the ideal range for this method 
Samples from the Questa ‘ew Mexico, property of the Molybdenun 
Corporation of Ameri ybtained for comparison of the new method 
with the thiocvanate ! l Many soil samples from this area actually 
contain in exce f per million molybdenun 
The method INnVO!Y ‘ ite-nitrate fusion of the sample followed by 
The fusion and leaching precipitate ferri: 
ther elements that form insoluble hydroxide 
ich solution is acidified and made 5 N witl 
cted from the aqueous phase with amyl acetate 
nic phase with demineralized water A colored 
xanthate is then formed by the addition 
colored complex is extracted into benzene 
unt of molybdenum estimated by visual comparison with standards 
determining the pet transmittance of 510 millimicrons 
lorimeter 
i propane torch and gasoline 
comparison of the sample with 
accuracy can be obtained in the laboratory by 


meter tor estimation of molybdenum content 


PROCEDURE 


gents and Apparatus 
rts by weig yt potassium carbona 
silk bolting clotl mi 


Six pound bottle 
sample and stand: 
iqueous solution 


n. 0.01 percent Dissolve 
N KOH, dilu 


nd dilu S00 


0.001 vercent 


dilute to 100 


04 


stman Organ her ‘ Zé 


solution and allow drop per 


unce samples usually available 


30 Rockefeller Plaza, New 


is entirely satis 





4 mm outside diameter 
clotl balance, analytical 


] 


ngth: / small spatula, stainless steel 


One required for each determination 


ith polyethylene stoppers 
10 Pyrex culti ube : - 20 Pyrex culture tubes, 13 « 100 ml 
$0) ¢ entrifuge tubes ) itlabl centrituge : | 
brated in tenths of a ml 
jical pipette, 51 libs n tentl 
! serological pipette, 101 d in tent] 
> Wire test tube rach i 4) test tubes eacl 


Sheet metal tray, 5” X 8” x 12”, for water-bath digestic 
Cork st pphers. No ' 150 mr culture tubes 
100 ml, with stoppers 
2 Pyres sé parator 
topco k 
1 Graduated « 
Issorted Py 
and 600 ml (1) 


| Rurett ~) 


f Standards 


' 


r Visual Estimat Pipette the appropriate amount of the molyb 
standard solution (Tables I and IIL) into 18 k 150 mm culture tubes 
to ten ml volume with demineralized water, add one ml 1:20 HCl. and 


one ml of 2 percent potassium ethyl xanthate solution \dd one ml of benzene 


to the low concentration standards and two ml benzene to the high concentra 


STANDARDS 


MI of 0.001 
Mo Solut 





} 


shake 
standards containing | 

since some fading may occur 
C olorimete? Pipette the ap 
lenum standard solution (Table I] 
to 10 ml with demineralized water, and 
2 percent potassium ethyl] 
Stopper with a polyethylen 
the phase to separate 
»] rimetet cell in 

+} 

solutior 

1 the benzene, but the time 


nceentratior 


erning the 
hotometric cut | be made using standard 
nd 200 micros f molybdenum (Fig. 1) by 
pure bet ‘ Wave length and pl tting 
ivelength in mil Be certain to use 
he more eco ical 13 = n vrex culture 
corrections ie tul et lled with pure 
Maximum al rption for the m bdenum complex ‘ potassiun 

canthate urs he range 505 to 515 millimicrons 
\ standard calil rve should be obtained by plotting percent trans 
ittance at 510 millimi s versus muicrograt nolybdenum \ typical 
calibration 


It will ‘Ipful wv let ’ bdenun t f sample 


t expand ! ol all } 1 1 twe ! shown 


Figure 3 
Sample ( gs ad Thor \ x v7 ’ ly ground 
the n Transfer to a 150 mm 
any n | adhering to t 
nsen burn pane torcl 
plete ind all of the sample h: 
required at 


sitiot 


tuly 
water 
nas bee 1 
stevens 


‘tis | ubble : 








ore 


HC] 


hee) | yppe T 
( hloride 


ell (8, p. 641), or MoO,-2HCI 


uf itl 


ond (6, Pp 711 \fter | phases have 


eo 1 
bs . I 
] 


vigorously 





ul rinse the separatory funnel v a few milliliters of acetone 


] 
ml of 1:20 HCI to the aqueous phase in the culture tube, followed by 1 ml 


1 


of 2 percent potassium ethy 


(2, p. 116) the molybdenum and xanthate form a complex compound, 


xanthate solution \ccording to Feig! 


MoO,:2(SC(SH)(OC,H,)), which is soluble in many organic liquids and 
may be to some extent the organic analog of MoO,-2HCI. In solution this 
complex ranges in color from faint pink at low concentrations to deep 
red-purple at high molybdenum concentrations 

Visual Estimation of Mo Content.—lfi the molybdenum content is to be 
determined by visual comparison with standards, note whether the amount 
of complex formed in aqueous solution is light pink or deep red-purple in 
color. If light pink, add 1 ml benzene from a burette, stopper with a poly 
ethylene stopper, shake vigorously for 10 seconds, allow the phases to 
separate, and match the colored benzene (upper) phase of the unknown 
with one of the low concentration standards. If dark red-purple or some 
shade thereof, add 2 ml benzene from a burette, stopper, shake vigorously 
for 10 seconds, and match the unknown with one of the high concentration 
standards 

Estimation of Mo Content with Colorimeter-S pectrophotomete \dd 10 
ml benzene from a burette irregardless of the amount of complex formed, 
stopper with a polyethylene stopper, shake vigorously for 10 seconds, and 
allow the phases to separate Pipette (use a Pumpett or similar instrument 
rather than mouth suction) 7 or 8 ml of the benzene (upper) phase into a 
matched colorimeter cell or Pyrex culture tube with previously determined 
cell correction. Determine the percent transmittance at 510 millimicrons 
wavelength in comparison with pure benzene and obtain the micrograms of 
molybdenum present in the aliquot from a calibration curve (such as 
Figure 2 or 3 

Both methods as here described are intended for sample aliquots cor 
taining up to 200 micrograms of molybdenum. Larger amounts can be 


determined | 


vy increasing the amount of benzene or decreasing the aliquot 
for visual estimation For estimation of large amounts of Mo with the 
colorimeter-spectrophotometer, dilute the benzene phase with pure benzene 
until the percent transmittance falls on-scale and multiply the micrograms 
found by the dilution factor 

The parts per million of molybdenum in the original sample car 
] 


determined by use of Equatior 


lotal volume of sample solution (aqueous leach 
Weight of sample X Volume of aliquot 


x micrograms ol Mo found ppm 
DISCUSSION 


\ carbonate-nitrate sample fusion was found to be 
most effective in xlucing sample decomposition and formation of water 


soluble molybdenum con unds \ carbonate-perox: ¢ fusion actually re 





lybdenum in the sample 


precipitation on acidification of the aqueous 


are used rather than sodium since it was 


that excessive amount {f sodium appear to be carried through the 
iIvent extraction and i ri to some extent with formation of the colored 
a er eae j etalon —— . that ium ethy! 
noiybdenum xanth; c t 1s interesting to note that sodium ethy! 
xanthate is almost completely ineffective in producing a colored molybdenum 
h the potassium salt used in this procedure) 

itic rock types do not appear to interfere 

Various acids and 1 mixtur were found to be ineffective in the decomposi 


tion of silicate san s and left extractable interfering elements in solution 


Hydrofluori id d nposition of samples is unsatisfactory since fluoride 


complexes molybdenun 

It is very important that centrifuging 1¢ aqueous leach solution or 
extraction with a Stevens <tractor remove all solid residues since the car 
bonate fusion is intended to remove iron and other hydroxide-forming 
elements by precipitatior ntamination by Iron II1l (which extracts into 


ic liquids in chloride systems) results in a brown xanthate complex 


extractable into benzene us ruining the test. Mercaptoacetic acid (thio 


iron almost instantly to ferrous iron without 


r reducing agents tried als 


the San ple aliquot by lerrn 
suspected, add lroy ercent mercaptoacetic acid to the acidified 
sample solution in the separator | before making 5 N with HCl lfa 


blue color is formed, add another drop or two until it disappears \ red colo 

may result from tl nofn ' acetic acid with nitrate decomposition 

products formed di . 11 n ferrous iron produced either does not 

extract or does 1 ort ( red con x with xanthates Careful centri 
| ptoacet acid, however. 

the solvent extractior 


boiling point (ether 


hquid for 

isa higher 

es in contact with the aqueous phase just previ- 
, 


thus heate ind because it gives excellent 


extraction \lthough tributyl phosphate is an 
lenum (8, p. 692) and is non-volatile, it was 
tributyl phosphate and tributyl phosphate 
ons with water. The separatory funnel at 
water bath for 5 to 10 minutes to breal 


+] ‘ 1 , . ; 
eC Mal Com+resr compl 


chloroform, 
urthermore, since 


rison with stand 


lient features of this 


nolybdenum, either do 
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all the samples 


both tonalites 
and unoxidized 
e these samples 

mtent resulti 

ir ore deposi 
CT observed or 

mining district of unquestioned hydro 
Hence, ne average ol copper 
the primary metal 

“background.” Thus the 

copper concentration that is close t 
ition that is close to 43 + 5 ppn 
$5 ppm zinc for all the samples from 
zine higher than background would 
position by hydrothermal solutions 
to show a loss of metal 

hing 

copper concentrations that lr 
background. Fig. 5 shows 
The location and 
ire drawn 


ind zin 


lary phet mena occurring 
\ primary copper 


lsewhere 
veen either the c pper or 
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determined by similarities 
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measure 
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tin deposits are invariably 
no means true. Thus many 
ilar to stanniferous granites and 


no associated 


tin occurrences 
lue to the degree of erosion relative 
observed localization of tin 
m hypothesis no doubt applies 


at id 


intrusives are unroofed 
Sullivan (15) has used the 

argument in support of his views or 

gyranitizatio view 1s that tin deposits occur in later periods of 
time by rea ol granitization in areas where tin has been pro 
anism. Sullivan’s arguments are not all 

the discussion by Edwards and 


I i 


haracteristics of acid igneous rocks 


was once an important producer 
| 


helt 3,000 miles in length. stretch 
In this region deposits are associ 
huge dimensions, composite in nature 


intrusions In these batholiths the rocks 


hose having the closest presumed genetic 


itions, are late differentiates i1 


, 
much subordin: n volume 


uents whi Iso ‘ terizes 
ssociation of major elements 
which DeV ore 5 nas recorded 
greement between Sn and the major elements 
affinity Mge-Ca-Na-K Whether the 
structures 18 to 
her prin iple S. 
iding the venesis 
remaining 
the alkali 
llection 
gmatitic, pneumatol 
differentiation was 


any 
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bit) 


ston a 


tin-he aring 
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concentration of Cr** with respect to Fe** is due to the small electronegativity 
of Cr 
Chromium also enters into magnesium rich silicate minerals but reasons 


for this are also conflicting. Goldschmidt (11) and several later workers 


explained this in terms of camouflage at regular lattice sites in lieu of Mg 


whereas Ringwood (4) suggests that Fe** is tl 
t 


ie element replaced. DeVore 
(5) argues that an adsorption mechanism best explains the concentration of 


Cr** in magnesium-rich minera 


Despite the divergences in explaining the geochemical behavior 
chromium the empirical data is sufficiently well known to enunciate explora 
tion principles for chromite deposits. Because of the strong tendency for 
chromium to enter early formed oxide and silicate minerals of basic magmas 


the metal is rapidly extracted 


from melts and economic deposits must therefore 
be sought in association with ultrabasic magmas 

Both oxide and silicate differentiates may have significant characteristi 
that point to whether chromite deposits may or may not occur 

The highest chromium content and Cr: Fe ratio in oxide minerals 
expected in the earliest magmatic oxide differentiate and if this does 


+} 


indicate an economic quality for the chrome-bearing oxides no better can be 


expected in the same body or later formed oxide segregations. In silicate 


differentiates a high trace Cr content in the magnesium bearing minerals is 
to be expected whether associated with ore or not. However a high dispersed 
chromite content in the silicate differentiate may indicate that concentration 


it oxide has not occurred 


METAMORPIILI( N M ASOMATIC CRYSTALLATES 


The preceding discussion has lated to igneous rocks but the writer 
considers that it would be unreal the light of field and laboratory evidence 


concerning metamorphic and metasomatic transformations that are most 
obviously displayed in the red ibution of major component elements, not 
to expect significant changes 1 ie «distribution of minor elements during 
recrystallization There has been much controversy over possible collector 
mechanisms that could transport metals, fractionated during metamorphi 
processes, to form ore deposits but there is increasing acceptance by geol 


f “wet” mechanisms that have been propose« 


er 
s 


} 


The writer considers tl in general, similar principles could be applied 


» fractionation of metals di 


rystallization whether igneous, metamorphic 
or metasomati Thus, though van Bemmelen (21) inclines to transformist 
views in explaining the origins and variation of certain Indonesian granites, i1 
view of the data recorded by DeVore there seems no reason why tin should not 
fractionated during metasomatic transformations leading to the productior 
gh alkali acid crystallate or fixed in a less alkaline crystallate 
The metal groupings of DeVore (6) and conclusions he has drawn fron 
wr determining the characteristics of metamorphi 


n some metamorphic terrains DeV ore 
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as been carried out on an 
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quartz than the | ! A he tive sections showing differences ir 
quartz content the grain lew ses upware 


1 whereas in the remaining 
three sections increas lative concentration of quartz in the upper 

Lower mnoquenessing in these areas might be related to 
iy on wraphi iv and would seem to deserve further 
ible ria for licting the occurrence of high-alumina clay 
vv mineral suite of tl wer Connoquenessing 1s remarkably 
msisting of tou lin zircon, rutile, and opaques, with tourmaline 
green are the most common tourmaline color 


ind colorless type s have also been observed 


@ LOWER CONOQUENESSING r=-08766"" 
© UPPER CONOQUENESSING r=-08890"° 
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land Figures 6A and 6B 
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REMENTS WITH A HALLIMOD 
ROPHOTOMETER 


LEONARD 


Reflectivity, a fundamental, quantitative, and diagnostic optical property 
of ore minerals, is seldom measured by American geologists. or if it is. the 
results are seldom published. Yet it is reflectivity, together with qualitative 
optical properties, habit, and relative hardness, that we observe when we 
examine a polished section. Devices for measuring reflectivity h: 
ivailable for many years, and promising new ones have been devel 
“e 


Their impact on American ore microsc py seems t 


The main devices for measuring the reflectivity « 1¢ minerals are 


visual photometers, photoelectric cells, and photomultiplier tubes Each de 
lvantage . Visual photometers include the Berek slit pho 
2 ? 


tometer (1, p. 313-317; 11, p. 121 5; 12, p. 78-83), and the Hallimon 


vice has certain a 


’ ’ 
1 


is adapte d 


] 
visual microphotometer (5 131-136 Descriptions of photoce 


to ore microscopy are givet y Bowie and Taylor 265-27 | Capade 
comme and Orcel (3, p. | 8&4, 86-105). Folinshee 

| 
kina (9, p. 146-170), Schneiderhohn 


ind others hotomultiplier tubes hay ised | Lévy and Prouvost 
7, p. 65) for mineralogic studies, an workers, including Newtor 
and Vacher (&, p. 3), for me tallographic studies 


The purpose of this note is to report on one visual microphotometer that 
has yielded satisfactory results in conjunction with equipment found in many 
small laboratories. The microphotometer has been described by Hallimond 
(5, p. 131-136) in a publication that seems not to be widely known among 
economic geologists. The instrument is compact, simple, inexpensive, d 
adaptable to several models of ore mi roscope A quartz standard 
ibsorbing container, conversiotr les, and complete instructions are supplied 
with the mi rophotometer It requires no accessory equipment ex 
source of stable cu it, such as a storage battery, “constant-voltage 
former, or electronic regulator lhe microphotometer comes equipped witl 


lor filters are avail: from the manu 


a green filter only 
facturer. Since th lor fil be used inside microphotometer 
ordinary filters of 2-1 int substituted 
ameter and thickness n, of course, remove t 

microphotometer and n su ctivity in white light 

arrangements described | is d wot require the additior 

density filter Howeve hig) 
seldom endorsed, 


ferently colored 
Essential el 


internally ill 
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DISCUSSIONS 





sir: Before anyone se proceeds . may | correct an error in 
liscussion of the ternary system Cu ? , p. 990-991 I said that 
issociations chalcocite-tenorite and covellite-tenorite are not common, as 


indeed they ar* not, but nevertheless | showed these tie-lines in the diagram 
Figure 5 \ctually both joins would be precluded by joins between chalco 
cite and copper sulfate, which | erroneously omitted from the diagram for 
the reason that anhydrous copper sulfates do not occur as natural species 
Thus the only stable three-phase assemblage of “insoluble” minerals in the 
three-component system would he native copper-chalcocite-cuprite. Even 
the assemblage chalcocite cuprite v nll be 

to form brochantite, antlerite, or chalcanthite, as can be shov 


by calculation of free energies from Garrels’ data (2 


unstable in a hydrous system wit! 
a°?) 


enough water 


5 leads to a corresponding correction in Figure 7 
’ 


Correction in Figure 


p. 995) by eliminating the joins cv-to-hem and cc-cup-hem 


While in the business of correcting, “pyrite” in the first line on p. 985 
the diagrams in Figure 4 should be lettered a 


hould read “chaleopyrite’ 


b, and c, respectively and on page 


99S the composition of cuprite should, of 
other errors, as they doubtless will, I shall 


} 


course. be CuO) If readers fin 


welcome corrections 


Hucu McKInstry 
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Subsurface Mapping 
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New Observations on the Ores of the Witwatersrand and Their Genetic 
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Crystals and the Polarising Microscope—A Handbook for Chemists and 
Omiere- 3rd Edit. N. H. H SHORNE and A. Stuart. Pp. 557 
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ce S1R.00 


strument 
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Seaman's Mineral Tables 


suppiemec) 


Overvoltage Research and Geophysical Applications. 
l’p. 158 Pergamon Pre . k. 1960 Price. $9.0 


r 
je ; 


Information Circulars 37 40, Geologic Interpretation of Aeromagnetic Mage 
ey, Harrisburg, Pa., 1960. | 


Servicos Geologicos de Portugal, Vol. 42, 


mcr 


South Africa Geological Survey, Pretoria, 1960. 


“ti \ l’reters rg s 


Geological Interpretation of Airborne Magnetometer and Scintillometer 
Survey M mapat odie Mt., Curlew, Aeneas, and Republi . 
nd Okanogan and 'p. 34; plat 1A-5A 

Divi 


Geological Survey of Canada—Ottawa, 1960 


Geology maps (uncolored): Wakwekobi Lake, Ont., scale 1/63,660; Tulse- 
quah, B. C., and Michikamau Lake, Quebec-Nfid., e 1/253,440; Sakami 
Lake, New Quebec, scale 1 506,88 


Aeromagnetic Maps of Amherst, New Germany, Gaspereau Lake, Berwick, 
Cape Chignecto, and Alma, Nova Scotia; Hillsborough, Kouchibouguac, 
Chatham, Tabusintac River, Burnsville, and Grand-Anse, New Brunswick, 
Nos. 797g-808g, scale 1 63,300 Geologic maps 1094A, St. George, New Bruns- 
wick, scale 1/63,360 (colored 7 and 8 n rgend and Finlayson Lakes, 
Yukon, le 1/253,440 (uncolor geology (bla ! te) Cassiar Distr., 
British Columbia, scale 1 253,440 5701929 Flin Flom Mandy District, 
Manitoba and Saskatchewan (| i: f ile 112,000, map 1078A 


Illinois Geological Survey—Urbana, 1960 


Rept. of Investigations 213. Ground- Water of began ong pe 
Illinois. |. EK. Hacks Pp. 63; pls. 2; figs. 11 ” fers a 


wa (twa ’ ed uli é ! roe f ground 


Educational Series 6. Field Book—Pennsylvanian Plant Fossils of Illinois 


(CHARLES COLLIN ROMAYNE SKARTVED Pp. 3 figs. 5 Mar 1 f 
. ; 
, 





Ontario Department of Mines—Toronto, 1960 


Geology of the Dyment Area 5 ERLY 64 
, ( 


Geology of the Manitouwadge Area 
114 ; od ; 


Industrial Mineral Circ. 5. The Limestone Industries of Ontario 


tf 
} 
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Geological Sketch Map Blind River Area 
Quebec Department of Mines—Quebec, 1960 


Geological Rept. 91. New Glasgow-St. Lin Area, Electoral Districts of 
Montcalm, Terrebonne and L’Assomption. F. F. 0 Hi. RI 


; 


Geological Rept. 92. Rawdon Area, Montcalm and Joliette Electoral Dis 
tricts. Ke B S. 


ei 


Geological Rept. 93. Chertsey Area, Joliette, Montcalm and Terrebonne 
Electoral Districts I 0; pl. &. ( ] 


) 


Geological Rept. 93. Doncaster Area, Electoral Districts of Terrebonne and 
Montcalm | =e ae ' 


United Nations—New York, 1959 


Mineral Resources Development Series No. 10. Proceedings of the Sym 
posium on the Development of Petroleum Resources of Asia and the Far 


East ( 


Mineral Resources Development Series No. 10 (Annex). Annex to the Pro- 
ceedings of the Symposium on the Development of Petroleum Resources of 
Asia and the Far East 7 Py 


[1 (MW) 


Mineral Resources Development Series No. 11. Mining Developments in 
Asia and the Far East 1957 t 68 8.7 t 
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Bull. 1074-F. Geology and Uranium Occurrences in the Miller Hill Area, 
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wy 
‘raninum minera 


Prof. Paper 294-M. Foraminifera of the Monterey Shale and Puente Forma- 
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BECKSTEAD SMITI Pp. 463-4 gs bls. 10. Price, 40 cents. 71) 
‘] ef id ” 


nperate ate M 


Prof. Paper 332. Cretaceous and Tertiary Formations of the Book Cliffs, 
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Colorado. |). |. Fisuer. C. FE. ErpmMann. and J. B. REEsipe, Ir Pp. 80: pls 
12; fig. 1: thi 20 Description f 7 00 feet of strata ranging wv 


7 a i Cne 


Prof. Paper 334-D. Late Paleozoic Gastropoda from Northern» Alaska. 
ON al Dutr IR Pp. 111-147; pls. 3: figs. 7; tbl. 1 
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Water- Danae Paper 1459- B. Restraints on Dissolved Ferrous Iron Imposed 
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in the Big Wood River morn, Idaho. R. ©. Sui Pp. 70 
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faults where movements of small magnitude developed pinches and swells along 
the fault surface; the cavities thus opened, which probably contained collapsé 
breccias, permitted the influx of ore-bearing solutions 


THE ORIGIN OF CRYSTALLINE MAGNESITE DEPOSITS 


CONRAD MARTIN 


9426 University Station, Reno, Nevada 


The magnesite at Gabbs, Nevada, occurs within dolomite—part of the 10,000 
feet of conglomerate, limestone, argillite, and dolomite which was deposited in a 


local embayment of the Late Triassic sea These were folded, repeatedly faulted 
and intruded by several generations of dikes and a granodiorite stock Phe 
magnesite is involved in all, but its emplacement appears controlled by none, of 


the intrusive and orogenic history 
Stress-zones within the magnesite are generally dolomitized. Pendants of 
magnesite within the stock are largely converted to brucite in which apophyses 


of granodiorite are partly changed to serpentine. Large masses of dolomite 
! 


remote from intrusives, have been transformed to diopside rock 

The deposits at Chewelah, Washington, are similar to those at Gabbs At 
Cranbrook, British Columbia, the magnesite occurs within quartzite. Except 
for the extensive metamorphism of the Grenville rocks, the geologic setting of 
the magnesite at Kilmar, Quebec, is similar to the Gabbs and Cranbrool 
| +} 


All are interpreted as being sedimentary in origin, having been deposited, wit 
& ; £ ] 
the enclosing dolomite, in shallow, restricted, unstable, marine embayments 


cle posit 


similar to some of the Caspian Sea in which magnesite and dolomite are presently 
being precipitated 

The diopside masses at Gabbs, and the roughly concordant serpent 
diopside bands traversing the magnesite at Kilmar, are interpreted as 
been formed by metamorphism of contemporaneously deposited silica 
bonates, possibly in the form of a hydrous silica-carbonate gel. Many serpentin 


and related sills, usually interpreted as being intrusive, may have a similar origit 


LAY MINERALS IN BAUXITE DEPOSITS OF EUROP! 


VICTOR 1 ALLEN 


und Geological Engineering, Saint Louis 


Jauxite and aluminous laterite deposits of France, Yugoslavia, Greece, Italy 
Spain, Germany and Northern Ireland were studied under a grant of the National 
Science Foundation in 1957. In all the deposits examined clays composed of 
kaolinite and locally some montmorillonite minerals occur in association wit! 
bauxite minerals and suggest that clays were the source materials of the bauxite 
Refractory ceramic kaolinite clay and boehmite from Missouri are similar mega 
scopically and mineralogically to specimens collected in France and Yugoslavia 
also, diaspore specimens from Missouri can be duplicated in the diaspore deposit 


of Greece. The aluminous laterites of Germany and Northern Ireland derive 


from basaltic rocks are similar to those of Oregon 

The commercial bauxite of France, Yugoslavia, Italy, Greece, and Spain fills 
solution pockets in dolomitic limestones. Kaolinite-boehmite diaspore deposits 
of Missouri and bauxite in Georgia fill pockets in dolomite limestones formed 
by groundwater solutions. Clays and alumina hydrates were transported fror 
suitable source areas in Europe and the United States, and were deposited in 
cavities prepared by solution. Magnesium bicarbonate carried by .groundwatet 





clay to form alumina hydrate minerals. Observations 
labama, Arkansas, Oregon, and Washington suggest desilication 


form bauxite 


i iron 


IRIGIN OF ASPHALTITE-RICH ORE BODIES AT TEMPLI 
VOUNTAIN, EMERY COl ’, UTAH 


HARLES (¢ HAWLEY 


striding 


ranium M it Temple Mountain are composed principally of sand 


impregnated with solid uraniferous carbonaceous substances termed “asphal 
Most ; roliferous, sparsely coal-bearing sandstones of the 
le formation, but, near a large pipe-like collapse 
rous rocks of other units The depo its in the 

it 2 miles long and 2,000 feet wide, a few thousar 

Within the belt ore bodies are dominantly elor 

belt: regardless of location most ore bodies have 

ck nearly devoid of petroleum and one gradational 

petroliferous rock. The sharp ore contacts are 

rmed between carbonated aqueous solutions, intro 


ind petroleum-rich fluids saturating the sandstones 


introduced solutior displaced oil components from tl altered sandstone 
iltite, derived from the displaced oil, formed along with uraninite and 
etal 

incorporated in the asphaltite, but judging from the field occurrence 


t 
recipitation 


ic mineral €% stabilized interfaces. Coal extracts may locally 


sence of coaly materials was not essential The cause of 


P 
} } 
he interface was probably an increase in pH due to depletion of carbon di 
e introduced solution This mechanism is suggested principally bh 


renetic concentratior f elements which form soluble bicarbonates near the 


in t 


irp ore contacts 


IRIGIN UM-VANADIUM DEPOSITS IN THE LISBON 
1REA, SAN JUAN COUNTY, UTAH 


KENNEDY 


Denver. Colorads 


ar sandstones in the upper part 

near the base of the Triassic Chinle formation 

longitudinally faulted, northwest trending Lisbon 

f the Salt Wash member of the Jurassic Morrison 
ieposits 

prave | were deposited near the Lisbon 

Triassic Moenkopi formation was 


, : 
the Lisbon Valley anticline, were 


deposited interbedded carbonaceous 
i 7 


M utler beds Carbonaceou 


oenkopi and truncated 
ducing environment in basal sediments of the Chinle and 
Cutler bee During compaction in Late Triassic and Jurassic time 
water from Cutler and Moenkopi red beds possibly carrying dissolved 
and V* igrated horizontally through interbedded sandstones and 
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w 2.000’) takes 
if part « he ho owever, thet - relation between 
umount of deviation and ] 
Deviation is ca t! pla lements in rocks, | is enhanced or re 
various drilling technique rill hole in rocks with planar elements 
ngineered from tl : upward to the collar so as to take ad 
| leviate. 


underground permits a ¢ 


using acid tests and tropari bore hole compass 


gives a survey sufhciently accurate for mine planning 


ur pose 


{IDIOCHEMICAL DETERMINATION OF APPARENT AGE OF 
RANIUM MIGRATION IN SANDSTONE-TYPE ORE DEPOSITS 


N. ROSHOLT, JR 


f Miami, Miami, Fla 


nay be studied by the distribution of the radio 

serve as natural tracers in the migration of 

he daughter products is determined by radio 

om sandstone type ore deposits From the radio 

parent minimum and maximum dates of uranium intro 

iy be calculated from the Pa Th ratio The 

is that the protactinium and thorium do not migrate 

ible quantities from the place where they were produced by the radio 
iy of the parent uranium isotopes. This assumption in most cases ts 
the basis of the chemical properties of these two elements in natural 
environments. The practical limit of age determination is about 
based on the 34,300 year half life of Pa*** and 80,000 year half 

The difference in the half lives of these isotopes is reflected in 

tes of growth and decay corresponding to migrations of the 

during the time range considered The growth and decay pat 
mathematically, are used to determine the apparent date of 


required 


uranium migration 

The sandstone-type uranium deposits, for the purpose of calculation, are 
classified into those at or above the water table and those at considerable depth 
below the water table. Different methods are used to calculate the maximum 
ind minimum dates of introduction and migration of uranium for the two classes 





SCIENTIFIC NOTES AND NEWS 


EMORIAL FELLOWSHIP 


rhe S. F. Emmons Memorial Fellowship in economic geology will be available 
for the academic year 1961-62 Ihe Fellow may use the stipend ($2,000) t 
support study and research in any university or institute approved by the Com 
mittee. He should be qualif by training and experience to iny igate some 
problem in economic geology, and will be expected to devote full tin the ir 
vestigation. Its results may, if desired, be used as a doctoral dissertation Forn 
may be obtained from any member of the Committec lan M. Bateman, Yale 
University; Charl hr Ir., Columbia University: H. E. McKinstry, Hat 
vard University i s and supporting letters should be submitted to the 
Committee not later than February 15, 1961, and should include a detail tate 
ment of the problem to nvestigated 


H. |. AttsHuLeR, Mining Engineer, Vi resi of New 


1 
luras Rosario Mining Company, has become an associate member 


& Company, New York, mining, geological and metallurgical « 


Frep H. Howe t has left the Kennecott Copper Corporation 
Chile, to accept a position with Duval Sulfur and Potash Comp: 
Geologist with headquarters at Tucson, Arizona 

W. B. RicHaRpDsON and Cooke, Jr., of Cooke, Everett 
are on a trip through Cost fica and Mexico, examining gold 
mercury properties 

W. James Bicnwa) 

Limited, has been in the dies for ¢ 

Limited as technical adviser to the Government 
Sichan served on the government negotiating t 
igreement with substantial United States inter 


urvey of the Northern Range 


reat H. Gripe, formerly Assistant 
‘ 


arch 18, 1960 


sleet it Butte on 

Epwarp ( r. CHao, ( S. Geological Survey geologist-mineralogist, v 
examining specimens of strongly sheared Coconino sandstone collected by Surve 
Geologist, Dr. Eugene M. Shoemaker, at Meteor Crater, Arizona, and 
that the sample contained doesite, a dense and highly stable form o 
previously known to occur naturally on earth. Like diamond, it 
dicted that extremely high temperatures and pressures are required for coesite 
and that it could only be formed in the earth naturally at great dept! 
repeated searching failed to uncover it among samples taken fron 
‘pipes” of South Africa and from quartz samples subjected to schocks of 
hundred thousand atmospheres, investigators predicted it might never be 
a natural mineral. Even a kilo-ton nuclear device proved incapabl 
the transition [The occurrence of coesite at Meteor Crater is not rare 
extensive and abundant 
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ROCK ANALYSIS FOR GEOLOGICAL 
RESEARCH 


Rapid accurate results from an authoritative laboratory—-arefully directed 
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graphic—spectrophotometric—chemical—reporting results six weeks after 
receipt of samples or sooner. 
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rhe selectivity of the lsodynamic 
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the pole pieces. This produces a Magnetic 
magnetic field of such configura- Sig PA ir AT OR 
tion that a uniform force is pro- x 4 
duced on a particle of given 
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working space. 
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vibrator and inclined feed chute 
shown at the right, the most 
delicate separations of fine pow- 
ders, down to 200 mesh are made 
even on feebly magnetic materials. 
The intensity of vibration may be 
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figures 5.43 
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The Radiant Universe. By Grorce W. Hi 1953. Pp. 489 
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An Introduction to Crystallography. By F.C. Pumirs. 1956. 2nd Edition. P. viii + 324; Figs. 515 6.00 
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Coes and the Polarizing Microscope ird Ed. By N. H. HartswHoene and A. Stuart 
Pp. 55 Diags. 313 
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Tables for Microscopic and X-ray Identification of Ore Minerals. By ALEXANDER Novirzky. In 
Spanish. 1957 Pp. 270 
——- —— for the Determination of Plagioclase Feldspars in Random Sections. 5th | By W 
. KAMPF 1948 P 
sesetahen of Mineralogy t \ ‘ ) 1959 
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mateont Equilibria at Low Temperature and Pressure By R 
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Clay Mineralogy. By Ratren E. Gem. 1953. Pp. 384. Fig. 121 Tables 46 
Clay and Clay Minerals. Proceedings of the Sixth Nationa! Conference on Clays and Clay Minerals 
Edited t ADA SWINEFOR 1959 Pp. 411 
Mineralogical Study on Clays of Japan. By TosmoS 1959. | 328 
Analysis of Minerals and Ores of the Rarer Elements. By W. R. Scuoe.cer and A. R. Powsi 
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Jewelry, Gem Cutting, and Metalcraft. rd Ed. By Wittiam T. Baxter. 1950. Pp. 360. Illus 
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Gem Testing. ist |! by \ NDE RS 1948. Pp. 256. Illus. 55 


Gem Testing ind Ed evised, Expar 1 Reset By B. W. ANDERSO? 954 Pp. 324 
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Conary, of = America. By Georce J. Miter, Amon E. Parxtns and Bert H 
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Mineral Commodities of California Prepare inder direction of OraF P. KeNn«KINS 
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The Polar Regions in Their Relation to Human Affairs By L. M. Govu.p 1958 Py 
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Minerals and Mineral Deposits. By W. R. Jones and D. Witttams. 1948. Pry 
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Bibliography and Index of Literature on Uranium and Radio-Active Occurrences in the United States 
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1954 Pp. 96 18 full pages maps Illus 
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Coals and Bitumens. By S. 1. Tom«ererr 1954. Pr 
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Applied Hydrology. By R. K. Linsiey, Je., Max A. Komier, and J. L. H. Pautaus. 1949. Py 
689 Illus. 328 
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Sequence in Layered Rocks. By bert R. Surock 1948. Pp. 507 

Manual of Sedimentary Petrography By KrRuMBEIN and PeTrTrijoHN 1938 Pp. 549 Figs 

The Examination of Fragmental Rocks. By | Pickeu New Ed. 1947. Pp. 154. Line 
Drawings 

Micromeritics, The Technology of Fine Particles nd 1. By Joserpn M. Datta Val 1948 
Pp. 555 gs. 131 

The Rock Book. By C. L. Fenton and M. A. Fenros Pp. 376. 48 pp 


The Rock-Hunter’s Field Manual: A Guide to Identification of Rocks and Minerals. 
4 1959 Py 00 


Textbool 
Soil By G. V. Jacks 1955 
Factors of Soil Formation. By Ha» ENN 1941 Pp. 281. 6x9 Illus 
A Bibliography on Meteorites HARRISON Brown, Editor. 1953. Pp. 686 


HISTORICAL AND CIOGRAPHICAL 


Sir James Jeans. A Biography. By E. A. Miin 1952 p. 176 


The Life and Times of Alexander von Humboldt, 1769-1859 ty Hetmut De Terra. 1955 


Blazing Alaska’s Trails H. Bre k 1953 ; 578 [ sO 


The Birth and Development of the Geological Sciences. By F.D.Apams. 1955. Pp. Si! Illus. 91 
Life and Letters of R. A. F. Penrose, Jr By Hi wn R. Farr Banks and Caries P. Berkey. 1952. 
>». 765 


Giants of Geology. By Carer nd Mitprep Fenton. 1952. Pp. 333. Illus 
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BOOKS IN GEOLOGICAL SCIENCE 


HISTORICAL AND BIOGRAPHICAL (Continued 


The Growth of Physical Science ind Ed. By Sim James Jeans. 1951. Pp. 364. Pils. 12 


Giordano Bruno —His Ly aa and Thought With Annotated Translation of his Work on the Infinite 
niverse and World y >R ina WaALEY SINGER 1950. Pp. 404. Illus 


Benjamin Silliman, Pathfinder in American Science. By Joun F. Fucton and Evazasetu H. Tuomson, 
194 Pp. 312 


Journal of Researches into the Geology and Natura! History of the Various Countries Visited by H.M.S 
Beagle 1952 Pp. 6 pls. 16 (reprint of first edition, 1839) 


Powell of the Colorado. By W.C. Darran. 1951 p. 426 
The Lost Villages of England. By Maurice Beresrorp. 1954. Pp. 445. Figs. 15. Pils. 16 


bles 18 


The Bonanza Trail, Ghost Towns and Mining Camps of the West. By Muniet Steeit Woite. 1953 
Pp. 476, figs. 108, maps 14 


PHOTOGRAMMETRY, TOPOGRAPHY 
Elements of Cartography. By Artuur H. Rostnson. 1953. Pp. 254. Figs. 186. Tables 38 
Plane Table Mapping. By J. W.! 1952. Pp. 365 


Handbook of Aerial Mapping and Photogrammetry 
Illus 


Manuai of Photogrammetry 


members 
Aerial Photographs and Their Application. By Haro 1. Sui ‘ { 72 Figs. 61 
Military Maps and Air Photographs. By Aamin K.I ' nd W LINGTON. 1944. Pp. 256 


Illus. Si a1 


TECHNICAL DICTIONARY, TERMINOLOGY, THESAURUS 


Geological Nomenclature 

Concise Dictionary of Science KG 

Composition of Scientific Words. By Witeur Brown 195 

Multilingual Mining Metallurgical Geological — Mineralogical —Petrographical and Petroleum Dic 
tionary English-Spanis h nan, and Russ By ALEJANDRO Novirz«Ky 1951 
Pp. 369. Sold with Al; lex onl 

Alphabetical Index for Mining Dictionary. Spanish, French, German, and Russian. 195% 


German-English eae oF German Dictionary for Scientists. By O. W. Letaicer and 
BIGER 1950 


German-English Technical and Engineering Dictionary By Lours oeVaies 
940 


German-English Technical Dictionary. 2 Volum y t F. Leipeceer (ed.), 
Air 100.000 termes 


English French and French-English Technical Dictionary By Fra 


Pp. 663 


Geology and Allied Sciences. A thesaurus and coordination of English and German terms 
German-English Wacter Hueesner, Ed Pp. 424 1939. Cloth, 5928 


Dictionary of Scientific Terms. 6t By I. F. He RS 195 *p. S32 


Chambers Mineralogica! Dictionary 1948. Pp. 87 fl. Pla. 40 


The Russian-English Technical and Chemical Dictionary By Lupmitta I. Cattanam. 1947 
794 


Scientific German. By G. E. Con NN 1957. Pp 

Scientific French. By Wittia 

Scientific Russian. By J. W 

Scientific Russian By Geor 

Elementary Scientific Russian Reader Ry G. A. ZNAMEN i Pr 

The International Dictionary of Physics and Electronics y vi ! Mre 1 1956. Pp. 1004 
Van Nostrand’s Scientific Encyclopedia. By Van Nosrranp. 3rd Edition 9s Pp. 1,839 
Webster's Geographical Dictionary. 1949. Pp. 1352 177 maps, 24 color plates 

Pocket Dictionary of Meteorology. By De. Kaat Ker 1950. Pp. 604 with numerous [lus 
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BOOKS IN GEOLOGICAL SCIENCE 


MISCELLANEOUS 


Beyond the Hundredth Meridian—John Wesley Powell and the Second Opening of the West. By 
Wattace SteGner. 1954. Pp. 438. Figs. 12. Maps7 


Man's Nature and Nature's Man. By Lee R. Dice. 1955, Pp. 329 
Explorations East of the High Andes ‘from Patagonia to the Amazon 
p 
Men to Match My Mountains: The Opening of the Far West 1840-1900. By Irv 
Pp. 495 Index 


Quest for a Continent By Wa aS 195 Pp. 372 


Man's Role in Changing the Face of the Earth. Ed. by Wu. L. Tuomas. 1956. Pp 


Man’s Emerging Mind. By N. J. Berar 1955. Pp. 308 

Conversation with the Earth, By Hans CLoos. 1953. Pp. 413. Pils. 53. Tables 26 

Man, Time and Fossils. By Ruta Moors. 1953. Pp. 411, figs. 71, pls. 62 

The pyeteears Cultures of the Horn of Africa. By J. Desmonp CLark. 1954. Pp. 386. Figs. 36 
"Is 2 


Man and His Physical Universe. By Ricuarp Wistar. 1953. Pp. 488. Illus. 300 
The Philosophy of Science (the link between science—philosophy). By Pairr Frank. 1957 
*». 394 


Psychical Physics. By S.W. Tromp. 1949. Pp. 534. Illus. 153 

Guide to Geologic Literature. By Ricuarp M. Peart . Pp. 239 

Fundamentals of Earth Science. By Henax D. Tuompson. 1947. Pp. 420 

The Earth We Live On. By Rutrw Moore. 1956. Pp. 416.. 

How to Collect Mountains. By CuHar B.H 1958 i 

Down to Earth, a Practical Guide to Archaeology. By Rosin Prace. Pp. 173. Figs. 88 
The Earth Beneath Us. By H. H. Swinnerton. 1956. Pp. 335 

Geology and Ourselves. By F. H. Eomunns. 1956. Pp. 256. Pils. 12. Line drawings 15 


Readings in Anthropology. E. Avamson Hogset, Jesse D. Jennincs, and Eimer R. Smite. 1955. 
Pp. 417 


Symphony of the Earth. By J. H. F. Umpcrove. 1951. Pp. 220. Pls. 10. Figs. 123 

Readings in the Physical Sciences. By Harctow Suapiey (ed.). 1948. Pp. 501 

The Sea Around Us. By R. L. Carson 1951 Pp. 230. Figs. 4. Chart 1 

This Great and Wide Sea. Rev. Ed. By R. E.Coxer. 1949. Pp. 344. PL91. Figs. 23 
Volcanoes Declare War. By Tuomas A. JaGGar. 1945. Pp. 166. Pl. 32. Figs. 34 

Volcanoes New and Old. By Mrs. Satis N. Coteman. 1946. Pp. 234 

Rocks and Rivers of North America. By Ex.tis W. Sauter. 1945. Pp. 300. 

Engineering in History. By Ricwargn S. Kaisy, Siowey Witaincton, Argtuur B. Dargiinc, Freverice 


LGouUR. 1956. Pp. 530 


The Caves Beyond: The Story of the Floyd Collins’ Crystal Expedition. By Jog Lawazence, Jr., and 
Rocer W. Brucker 1955. Pp. 283. Illus 

This Earth of Ours—Past and Present. By Cates W. Wotre. 1950. Pp. 384. 

The Face of the Moon. By R. B. Batpwin. 1949. Pp. 239. Illus. 


Relativity for the Layman ind Ed By James A. Coteman. 1958 Pp. 131 


Measuring Our Universe. By O.J. Lee. 1950. Pp. 170. Illus. 45 


Writing Useful Reports. Principles and Applications. By Rosert E. Tutrie and C. A. Brown. 
1956. Pp. 635 


Writing the Technical Report. 3rd Ed. By J. R. Newtson. 1952. Pp. 388 
French Bibliographic Digest: Science, Geology (2). Bibliographical Digest of French geological books 


and articles published from 1948 to 1954. Pp. 102 (The Cultural Division of the French Embassy, 
972 Fifth Avenue, New York 21, N. Y. free of charge) 





Address Economic Geovocy, Urbana, Ill. Books not in this list (except the publications of official 
Surveys and those of the Geological Society of America) will be furnished at Publisher's prices. Also consult 
more extended lists in volume 50, 


Economic Geology Publishing Company will also attempt to secure past volumes of domestic and foreign 
geological journals and similar publications when contained in our file listings of secondhand book dealers. 
Special correspondence in search of material however can not be undertaken. 




















